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ABSTRACT 


The  Committee  on  Dynamic  Compaction  of  Metal  and  Ceramic  Powders  has 
assessed  the  state  of  the  art  and  the  technological  potential  for  the 
dynamic  consolidation  of  metal  and  ceramic  powders.  It  examined  the 
fundamental  consideration  of  dynamic  consolidation,  consolidation  phenomena 
during  dynamic  compaction,  dynamic  compaction  and  conditioning  of  metal  and 
ceramic  powders,  characterization  of  dynamically  consolidated  metal  and 
ceramic  powders,  computer  codes  applicable  to  dynamic  compaction,  practical 
and  potential  applications,  problem  areas,  and  the  current  position  of  the 
United  States  in  dynamic  compaction. 


Based  on  its  conclusions,  the  committee  recomended  that  a  systematic 
study  of  the  dynamic  compaction  process  should  be  conducted;  existing 
techniques  should  be  improved  and  new  ones  developed  to  permit  the  monitoring 
of  the  dynamic  events  as  close  to  the  microscale  as  possible  for  temperatures, 
shock  velocities,  pressures,  and  particle  motion;  data  and  information  from 
the  systematic  experiments  recommended  above  should  be  utilized  to  form  data 
information  for  the  modeling  codes;  coordination  among  those  investigating 
dynamic  compaction  should  be  maintained;  a  sufficiently  funded,  sustained, 
coordinated,  and  concentrated  research  and  development  effort  should  be 
initiated  to  strengthen  the  United  States  position  in  the  dynamic  compaction 
field. 
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Chapter  1 


SUMMARY,  CONCLUSIONS,  AND  RECOMMENDATIONS 


SUMMARY 


Dynamic  powder  compaction  is  a  materials  fabrication  process  that  utilizes 
a  combination  of  extremely  high  velocity  and  high  pressure  to  densify  powders 
rapidly.  The  process  offers  many  potential  advantages  that  singly  or  in 
combination  cannot  be  achieved  with  any  other  powder  consolidation  or 
fabrication  process.  Some  of  these  advantages  are: 

1.  Densities  approaching  theoretical  can  be  achieved  in  a  wide  variety 
of  dif f icult-to-compact  metals  and  ceramics. 

2.  Compaction  often  can  be  achieved  at  room  temperature  without  the  need 
for  subsequent  sintering  or  thermal  treatment. 

3.  Warm  or  elevated  temperature  compaction  can  be  done  at  temperatures 
below  those  required  for  conventional  consolidation  with  numerous 
benefits  such  as  refined  grain  structure. 

4.  Unique  (often  nonequilibrium)  microstructures  that  may  produce  unique 
properties  can  be  achieved. 

5.  Unique  powder  properties  can  be  maintained  through  the  compaction 
process. 

6.  Work  introduced  in  the  powders  by  the  process  shock  wave  often 
activates  the  powder  for  subsequent  unique  sintering  characteristics. 

7.  The  high  pressures  from  the  process  can  be  used  to  synthesize  unique 
and  difficult  to  achieve  materials  phases. 

8.  Combinations  of  materials  can  be  compacted  without  interaction 
between  the  constituent  phases. 

Although  development  of  the  process  began  in  the  1940* s,  very  little  effort 
has  been  devoted  to  dynamic  compaction  in  the  United  States.  This  may  be 
because  the  process  has  some  undesirable  side  effects  (e.g.,  cracking)  that 
are  not  yet  fully  understood  and  because  other  powder  fabricating  processes 
have  been  more  attractive  economically.  Recently,  however,  the  advent  of 
unique  materials  (e.g.,  amorphous  and  metastable  microcrystalline  rapidly 
solidified  materials)  and  the  need  for  extremely  high  strength  ceramics  have 
dictated  fabrication  requirements  that  cannot  be  met  by  the  more  commonly  used 
powder  fabrication  techniques,  and  dynamic  powder  compaction  has  the  potential 
to  meet  many  of  these  demands.  As  a  result,  the  Department  of  Defense  (DOD) 
requested  that  the  Committee  on  Dynamic  Compaction  of  Metal  and  Ceramic  Powders 
assess  the  state  of  the  art  and  the  technological  potential  for  the  dynamic 
powder  consolidation  of  metal  and  ceramic  powders. 
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In  assessing  the  process  and  its  potential,  the  committee  studied  the 
major  aspects  of  the  process  in  order  to  gain  the  comprehensive  understanding 
needed  to  present  sound  logical  conclusions  and  recommendations.  Examined  in 
detail  and  discussed  in  this  report  are  the  following: 

1.  Fundamental  considerations  of  dynamic  consolidation. 

2.  Consolidation  phenomena  during  dynamic  compaction. 

3.  Dynamic  compaction  and  conditioning  of  metal  and  ceramic  powders. 

4.  Characterization  of  dynamically  consolidated  metal  and  ceramic 
powders . 

5.  Computer  codes  applicable  to  dynamic  compaction. 

6.  Practical  and  potential  applications. 

7.  Problem  areas  in  dynamic  compaction. 

8.  The  current  position  of  the  United  States  in  dynamic  compaction. 

It  is  important  to  note  that  dynamic  compaction  is  identified  as  a 
process  in  which  powder  densif ication  is  achieved  by  a  high  pressure  shock 
wave  (generated  by  gas  gun,  explosive,  etc.)  that  exceeds  the  yield  strength 
of  the  powder  mass.  No  specific  velocity  and  pressure  are  referenced  since 
they  will  be  dictated  by  the  properties  and  characteristics  of  the  specific 
powder  being  compacted. 


It  also  should  be  remembered  that  although  dynamic  powder  compaction  can 
be  simple  in  practice,  the  phenomena  occurring  during  the  process  are  extremely 
complex  and  to  understand  them  requires  the  integration  of  a  broad  spectrum  of 
disciplines.  In  spite  of  its  complexity,  the  process  represents  an  excellent 
opportunity  for  significant  advancement  in  the  state  of  the  art  in  powder 
fabrication. 


CONCLUSIONS 


Based  on  its  study,  the  committee  has  concluded  that: 

1.  In  principle,  dynamic  powder  compaction  offers  promise  for  the 
fabrication  of  a  large  variety  of  metal  and  ceramics  or  their  combinations 
with  unique  properties  and  structures  that  may  be  difficult  to  achieve  by 
any  other  technique. 

2.  In  theory,  it  is  possible  to  scale  up  such  processes  to  produce  very 
large  sizes;  compacts  up  to  the  meter  range  have  been  reported. 

3.  Current  knowledge  about  the  events  and  changes  that  occur  during  the 
dynamic  compaction  rise-time  in  particulate  assemblages  is  seriously 
deficient.  Intensified  efforts  will  be  necessary  to  overcome  this 
problem. 

4.  One  of  the  principal  shortcomings  of  prior  and  current  work  is  that 
dynamic  compaction  usually  produces  undesirable  side  effects  such  as 
cracking  (macro  and  micro),  internal  strains,  and  strain  and 
microstructural  gradients.  Cracking  phenomena  are  dependent  on  such 
things  as  the  nature  of  materials,  the  degree  of  precompaction  and  shock 
wave  geometries  and  are  not  fully  understood. 
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5.  One  of  the  principal  outcomes  of  dynamic  compaction  research  is 
likely  to  be  hybrid  processing  in  which  the  dynamic  process  is  employed 
to  precondition  a  powder  prior  to  subsequent  processing  in  a  more 
conventional  manner. 

6.  New  experimental  techniques  for  instrumenting  and  monitoring  highly 
dynamic  events  and  the  interactions  of  shock  waves  with  particulate 
materials  are  urgently  needed.  Current  methods  do  not  permit  the  direct 
observation  of  dynamic  compaction  process  events  in  real  time  and  on  the 
microscale  level  that  is  desirable. 

7.  Many  of  the  experiments  on  dynamically  compacted  materials  have  been 
conducted  with  little  or  no  attention  to  the  nature  and  character  of  the 
material  before,  during,  or  after  the  process.  A  significant  increase  in 
the  level  of  characterization  is  vital. 

8.  The  level  of  effort  devoted  to  dynamic  compaction  in  the  United 
States  has  been  very  low  and  basically  uncoordinated.  As  a  result,  this 
country  is  critically  behind  others  in  development  of  the  process. 

9.  Principal  applications  of  the  dynamic  process  are  minimal  or  lacking. 

10.  The  energy  sources  used  in  dynamic  compaction  in  the  past  have  often 
been  unmonitored  and  inconsistent;  therefore,  experimental  results 
have  been  inconsistent  and  uncorrelatable .  This  is  particularly  true 
with  the  explosives  which  have  been  the  major  energy  source  for  the 
process. 

RECOMMENDATIONS 


Based  on  its  conclusions,  the  committee  recommends  that: 

1.  A  systematic  study  of  the  dynamic  compaction  process  should  be 
conducted.  Model  material  systems  such  as  rapidly  solidified  metals, 
copper,  zinc,  silicon,  aluminum  nitride,  silicon  carbide,  magnesium 
oxide,  aluminum  oxide,  and  magnesium  aluminate  should  be  used.  The 
original  powders  should  be  well  characterized  with  respect  to  particle 
size,  particle  shape,  purity,  etc.,  and  the  goal  should  be  direct  dynamic 
compaction  or  shock  conditioning  followed  by  conventional  densif ication 
for  each  system.  A  systematic  correlation  should  be  made  between  the 
compaction/shocking  conditions  and  the  nature  and  character  of  the 
material  after  the  process  in  terms  of  density,  microstructure,  and 
system  parameters  (e.g. ,  shock  pressure,  attenuation  and  temperature 
distributions,  as  well  as  shock  wave  geometry). 

2.  Existing  techniques  should  be  improved  and  new  ones  developed  to 
permit  the  monitoring  of  the  dynamic  events  as  close  to  the  microscale  as 
possible  for  temperatures,  shock  velocities,  pressures,  and  particle 
motion. 
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3.  The  data  and  information  from  the  systematic  experiments  recommended 
above  should  be  utilized  to  form  data  information  for  the  modeling  codes. 
Due  to  the  complexity  of  the  process,  it  may  be  necessary  to  modify  the 
existing  codes  or  even  develop  new  ones.  Codes  should  be  available  to 
handle  both  the  macroscale  and  microscale  aspects  of  the  process,  and 
diagnostic  code  build“up  should  be  combined  with  attempts  to  extrapolate 
from  one  material  to  another. 

4.  Coordination  among  those  investigating  dynamic  compaction  should  be 
maintained . 

5.  A  sufficiently  funded,  sustained,  coordinated,  and  concentrated 
research  and  development  effort  should  be  initiated  to  strengthen  the 
United  States  position  in  the  dynamic  compaction  field. 


Chapter  2 


THE  POINT  OF  DEPATRURE:  A  BRIEF  SUMMARY  OF  TRADITIONAL 
METAL  AND  CERAMIC  PROCESS  METHODS 


The  forming  of  metals  and  ceramics  traditionally  has  proceeded  by  two 
major  process  routes:  solids  or  particulate  processing,  and  fluids  processing. 
Fluids  processing  is  characterized  by  melt  forming  as  well  as  chemical  and 
physical  vapor  deposition  processing  and  is  not  dependent  on  starting  material 
particle  characteristics.  Rather,  melt  and  vapor  forming  temperatures  and 
their  control  are  the  dominant  parameters.  Solids  processing,  on  the  other 
hand,  usually  is  characterized  by  the  consolidation  of  particulates  into 
preform  shape  via  one  of  a  number  of  possible  intermediate  forming  methods 
(e.g.,  cold  pressing,  extrusion,  slip  casting).  In  general,  this  is  followed 
by  heat  treatment  at  a  sufficiently  high  temperature  to  cause  final 
densif ication  by  the  process  of  sintering.  Solids  processing  is  highly 
dependent  on  several  factors. 

1.  The  nature  and  characteristics  of  the  powders  employed.  Particle 
size,  shape,  surface  area,  agglomerate  structure,  impurities,  additives, 
and  their  distribution  play  a  major  role  in  affecting  cold  forming 
characteristics,  final  densif ication  kinetics,  and  microstructure 
development . 

2.  Forming  gradients.  These  usually  are  in  the  form  of  pressure 
gradients,  occurring  during  particulate  consolidation,  that  develop 
porosity  or  density  gradients  in  the  cold  formed  structure.  They  can 
result  in  microstructure  discontinuities  and  shape  deformation.  An 
extension  of  cold  forming  is  the  process  of  hot  forming,  pressing,  or 
working  wherein  particulates  or  particulate  preforms  are  densified  under 
applied  pressure  at  elevated  temperatures.  Dynamic  compaction  also  may 
be  considered  an  extension  of  these  basic  forming  processes  and  is 
treated  in  more  detail  below. 

3.  Heat  treatment  parameters.  The  variables  of  time,  temperature,  and 
heating  rate  play  a  very  important  role  in  determining  densif ication 
kinetics  and  resulting  microstructures.  The  selection  of  specific  time 
and  temperature  criteria  often  is  influenced  by  original  particle  and 
preform  characteristics  as  well  as  chemical  impurity  or  dopant  content. 

In  effect,  the  various  steps  involved  in  solids  processing  are  virtually 
dependent  on  each  other  in  developing  final  material  and  process 
characteristics . 
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Judicious  selection  of  particulate  characteristics,  coupled  with  suitable 
processing  parameters  has  led  to  the  development  of  essentially  pore-free, 
single-phase  ceramic  compounds  with  controlled  microstructure  (e.g.,  aluminum 
oxide,  magnesium  oxide,  yttrium  oxide,  beryllium  oxide,  barium  titanate,  lead 
zirconate  titanate,  silicon  carbide,  silicon  nitride).  For  metals,  solids 
processing  has  been  extended  to  include  nickel-cobalt  super-base  alloys  with 
unique  fine-grained  microstructures  with  a  high  degree  of  chemical  homogeneity 

Table  1  provides  a  summary  of  the  various  applicable  forming  processes 
together  with  dynamic  compaction.  As  a  special  case  of  solids  processing, 
dynamic  compaction  offers  the  potential  for  generating  fine-grained 
microstructures  at  essentially  an  ultimate  level.  This  coupled  with  the 
possiblity  of  fabricating  large  forms  without  the  need  for  large  presses  and 
ancillary  capital  equipment  enhances  the  attraction  of  explosive  compaction  in 
particular. 


Table  1  Summary  of  Forming  Methods 
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Chapter  3 


FUNDAMENTAL  CONSIDERATIONS 


Dynamic  compaction  is  a  process  in  which  powder  densif ication  is  achieved 
by  a  high  pressure  shock  wave.  In  order  to  understand  the  phenomena  that 
occur  during  the  process  it  is  first  necessary  to  have  a  fundamental 
understanding  of  the  shock  wave  and  its  interaction  with  the  material.  In  the 
sections  that  follow,  a  mathematical  description  of  the  shock  wave  phenomena 
in  condensed  materials  is  developed  and  related  to  porous  and  distended 
materials  similar  to  powder  structures.  Also,  the  methods  of  generating  shock 
waves  in  materials  along  with  the  current  state  of  the  art  of  instrumentation 
and  monitoring  of  highly  dynamic  events  is  described.  It  is  the  intent  of 
this  chapter  to  provide  the  reader  with  a  summary  understanding  of  these 
phenomena. 

SHOCK  WAVE  PHENOMENA 


The  production  of  shock  waves  in  gases  and  condensed  materials  is  related 
to  the  fact  that  at  high  pressures  the  velocity  of  sound  increases  with 
increasing  pressure.  Thus,  above  some  minimum  pressure  pulse  the  disturbance 
steepens  until  a  discontinuity  in  the  state  variables  is  created  and  a  shock 
wave  results. 

A  mathematical  description  of  the  state  of  the  material  behind  the  shock 
wave,  with  respect  to  the  state  variables  ahead  of  the  shock  wave,  can  be 
obtained  by  writing  the  equations  for  conservation  of  mass,  momentum,  and 
energy,  respectively.  This  yields  the  well  known  Rankine-Hugoniot  relations 
(Duvall  and  Fowles  1963,  McQueen  et  al.  1970,  Rice  et  al.  1958)  as  outlined 
below. 

Consider  a  plane  shock  front  moving  through  a  solid  as  shown  in  Figure  1; 
u  equals  the  particle  velocity,  p  equals  the  density,  T  equals  the 
temperature,  P  equals  the  pressure,  U  equals  the  shock  velocity,  and  E  equals 
the  internal  energy  per  unit  mass. 

The  conditions  on  each  side  of  the  shock  front  are  represented  in  Figure 
1,  where  the  subscript  o  refers  to  the  initial  state.  If  the  shock  front  is 
moving  with  a  velocity  U  with  respect  to  laboratory  coordinates,  the  observer 
sees  material  entering  the  shock  front  with  a  velocity  U  and  leaving  the  shock 
front  with  a  velocity  U-u. 
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U  =  Shock  wave  velocity 
u  =  Particle  velocity  behind  shock 
po  =  Density  ahead  of  shock 
p  =  Density  behind  shock 
PQ  =  Pressure  ahead  of  shock 
P  =  Pressure  behind  shock 


FIGURE  1  Shock  wave  in  a  solid  body 


Hence,  the  conservation  of  mass  gives: 
(U-u)  p  =  PoU 

Conservation  of  momentum  gives: 
p~Po  =  PoUu 


(1) 


(2) 


and  conservation  of  energy  gives: 

Pu 


(E-E0)  = 


upr 


!”2 


(3) 


Equations  (1)  and  (2)  can  be  combined  and  rearranged  to  give: 
U  =  V0[(P-P0)/(V0-V)]1/2 


(4) 
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and 


u 


[(p-po)  (vo~v)]1/2 


(5) 


1 


if  V  -  —  where  V  is  the  specific  volume. 

P 

Using  Equation  (4)  and  (5),  the  energy  equation  can  be  rewritten  as: 


(6) 


The  measurement  of  any  pair  of  variables  used  in  Equations  (1)  through  (6), 
when  coupled  with  the  known  initial  conditions,  is  sufficient  to  define  a 
point  on  the  shock  wave  loci  or  Hugoniot.  A  particularly  useful  pair  of 
variables  is  the  particle  velocity  u  and  the  shock  velocity  U.  It  has  been 
found  that  the  Hugoniots  for  many  solids  can  be  represented  by  a  linear 
relationship  between  the  shock  velocity  and  the  particle  velocity  when  there 
is  no  phase  transformation*: 


U  =  C0  +  Su. 


(7) 


The  constants  CQ  and  S  are  characteristics  of  the  material. 

The  equation  of  state  of  any  material  combined  with  the  Rankine-Hugoniot 
expression  in  Equation  (6)  produces  a  unique  relation  between  P  and  V.  This 
curve,  called  the  Rankine-Hugoniot  curve  of  the  material,  represents  the  locus 
of  all  states  (P]^,  V^,  Ej,  etc.).  The  shock  compression  process 
dissipates  energy  and  is  therefore  irreversible.  No  exact  expression  has  been 
derived  for  the  energy  dissipated  in  the  shock  cycle.  However,  it  can  be  shown 
that  the  cross  hatched  area  of  Figure  2,  bounded  below  by  the  Rankine-Hugoniot 
curve  BC^C  and  above  by  the  straight  line  connecting  the  initial  unshocked 
state  B  with  the  final  shocked  state  C,  is  a  good  approximation  to  the  energy 
dissipated  in  the  shock  cycle. 

The  Hugoniot  P-V  map  presents  a  locus  with  known  energy.  This  fact 
together  with  theoretical  work  done  on  the  Gruneisen  ratio  makes  it  possible 
to  extend  the  equation  of  state  off  the  Hugoniot  through  energy  considerations 
at  constant  volume. 

It  has  been  assumed  in  the  preceeding  development  that  for  a  given  shock 
pressure  only  a  single  shock  wave  would  propagate  into  an  undisturbed  medium. 
The  shear  strength  has  been  neglected  and  the  material  has  been  treated  like  a 
fluid.  This  is  satisfactory  for  strong  shocks;  however,  there  is  a  regime 
where  this  is  not  a  valid  assumption. 


*It  should  be  noted  that  when  there  is  a  phase  transformation,  the 
constitutive  relation  may  be  linear  in  a  given  region  other  than  where  the 
transformation  is  occuring. 
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The  concept  of  a  single  hydrostatic  shock  pressure  is  not  correct  for 
materials  that  have  a  finite  yield  strength.  It  is  a  reasonable  approximation 
only  when  the  stresses  are  very  much  higher  than  the  yield  strength.  Hence, 
the  pressure  P  in  the  jump  Equations  (1)  through  (6)  should  be  replaced  by  a  , 
the  stress  component  acting  normal  to  the  wave  front.  Except  by  inference 
from  other  information,  stress  components  O  and  Oz  parallel  to  the  wave  front 
are  not  known. 

If  an  isotropic,  elastic  material  that  yields  at  a  finite  stress  level 
loaded  in  a  state  of  uniaxial  strain  is  considered,  lateral  stresses  must  be 
developed  internally  that  exactly  prevent  lateral  expansion  or  contraction. 
From  these  considerations  it  can  be  shown  that: 


T 


l-2v 

2(1-V) 


a 

X 


(8) 


where  T  is  the  resolved  shear  stress  and  V  is  Poisson’s  ratio.  Equation  (8) 
states  that  the  maximum  resolved  shear  stress  increases  monotonically  with  . 
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FIGURE  2  Rankine-Hugoniot  curve 
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For  an  elastic-plastic  solid  it  can  be  shown  that  if  crys  is  the  yield 
stress  in  simple  tension,  2  T equals  OyS,  according  to  either  Tresca's  or  von 
Mises1  yield  criterion.  If  Cfys  is  constant,  ax  and  O  (the  mean  hydrostatic 
stress)  increase  together.  Above  the  yield  point,  ax  exceeds  a  by  the 
constant  stress  2/3  ays.  The  resulting  compression  curve  is  like  that  shown 
in  Figure  3. 

The  structure  of  the  shock  wave  in  such  a  material  depends  on  the  final 
peak  pressure,  reached  in  compression.  If  the  O ^  lies  above  point  B 

of  Figure  3  (a),  then  the  elastic  wave  is  overdriven  and  a  single  shock  wave 
forms.  If  the  stress  a  q  lies  between  A  and  B,  the  shock  consists  of  an 
elastic  precursor  of  amplitude  followed  by  a  slower  moving  shock  with 
peak  pressure  aq,  as  shown  in  Figure  3  (b) . 

There  are  considerable  data  for  solid  materials  and  accurate  constitutive 
equations  have  been  determined  for  many  solids.  The  data  are  not  extensive  for 
porous  or  distended  materials  although  some  constitutive  models  have  been 
developed  (Herman  1969,  Raybould  1981,  Roman  and  Gorobtsov  1981*). 

The  difference  between  the  shock  wave  behavior  of  a  porous  or  distended 
material  and  its  solid  counterpart  is  due  to  the  extra  energy  required  to 
plastically  deform  and  crush  the  particles  in  the  process  of  void  annihilation. 

This  concept  can  be  visualized  on  a  P-V  diagram  as  shown  in  Figure  4  (Primmer  1973). 
The  initial  specific  volume,  VQT,  of  the  powdered  material  decreases  with 
increasing  pressure  along  the  Hugoniot  A  to  the  state  (Pi5VqP)0.  Upon 
passage  of  the  shock,  the  material  expands  along  the  release  isentrope  B  to 
the  final  state  VpP  at  ambient  pressure.  The  ratio  VpP/VQP  is  a  measure 
of  the  compaction. 

A  more  illustrative  description  of  the  compaction  of  a  porous  material,  in 
terms  of  the  energy  absorbed  is  shown  schematically  in  Figure  5  (Jones  1972). 

The  details  of  the  release  isentrope  and  Hugoniot  near  ambient  pressure  have  been 
ignored.  The  major  point  is  that  waste  energy,  represented  by  the  area  between 
the  Rayleigh  line  and  the  release  isentrope,  is  considerably  greater  for  the 
porous  material  than  for  a  solid  of  the  same  material.  This  increase  in  waste 
energy  in  the  powder  material  accounts  for  the  significant  temperature  rise  in 
shock-compacted  powders. 

The  constitutive  relationships  referenced  above  provided  a  preliminary 
basis  for  the  investigation  of  the  behavior  of  powders  under  shock  loading 
conditions.  It  should  be  noted  that  although  adequate  models  may  be  developed 
in  terms  of  the  temperature  rise  and  the  pressures  developed,  these  may  not 
prove  to  be  the  most  important  considerations  for  the  production  of  powdered 
compacts  of  theoretical  density.  Indeed,  it  may  not  be  the  quantity  of  energy 
but  its  distribution,  as  influenced  by  such  factors  as  particle  size  and 
initial  green  density,  that  exerts  the  controlling  influence  on  the  degree  of 
compaction  and  the  resultant  properties  (Graham  and  Asay  1978). 


*These  references  are  merely  examples  and  are  not  meant  to  be  exhaustive. 
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(a)  Linear  compression 


(b)  Shock  waves  structure 


FIGURE  3  Equation  of  state  and  shock  structure  in  elastic  plastic  solid 
(a)  linear  compression  and  (b)  shock  wave  structure  (Jones  1972) 
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FIGURE  4  Hugoniot  for  a  powder  material  (Primmer  1973) 
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FIGURE  5  Comparison  of  the  waste  energies  in  solid  vs.  porous  materials 
(Jones  1972) 


17 


GENERATING  SHOCK  WAVES  IN  MATERIALS 


Shock  waves  can  be  created  in  materials  by  the  detonation  of  an  explosive 
in  contact  with  the  material  or  by  the  impact  of  a  projectile  on  the  material. 
Some  of  the  various  methods  of  accomplishing  this  are  discussed  below. 

Direct  Contact  Explosive 

The  pressures  generated  by  direct  contact  explosive  operations  are  a 
function  of  the  characteristics  of  the  explosive  and  the  material  in  contact 
with  the  explosive.  This  is  illustrated  in  Figure  6  where  the  Hugoniots  for  a 
variety  of  materials  are  plotted  in  terms  of  pressure  versus  particle  velocity 
and  reflection  characteristics  for  several  commonly  used  explosives.  The 
point  of  intersection  of  the  Hugoniot  of  the  solid  with  the  reflection 
characteristic  of  the  explosive  represents  the  pressure  and  particle  velocity 
produced  by  a  contact  detonation  of  normal  incidence.  The  powder  usually  is 
encapsulated  in  a  metal  container  with  the  explosive  being  placed  in  contact 
with  the  container.  The  container  therefore  modifies  the  pressure  induced  in 
the  powder.  However,  if  the  Hugoniots  and  reflection  characteristics  of  the 
materials  (container  and  powder)  involved  are  known,  the  pressure  generated  in 
the  powder  can  be  predicted  accurately. 

Direct  contact  explosive  compaction  usually  is  employed  on  either  flat 
plate  or  cylindrical  geometry  compacts.  In  flat  plate  compacts,  the  explosive 
may  be  positioned  on  either  one  or  both  of  the  major  flat  surfaces  and 
detonated  either  normal  to  or  parallel  to  the  surface.  Detonation  normal  to 
the  surface  as  opposed  to  parallel  generates  considerably  higher  pressures  in 
the  powder.  In  the  cylindrical  geometry,  the  powder  is  enclosed  in  a 
cylindrical  metal  container  surrounded  by  an  explosive,  as  illustrated  in 
Figure  7  (a) ,  and  detonation  almost  always  is  parallel  to  the  major  axis  of 
the  compact.  As  discussed  above,  the  pressure  generated  in  the  powder  is  a 
function  of  the  explosive,  the  container  material,  and  the  powder 
characteristics  with  the  further  complication  of  the  velocity  of  the 
collapsing  tube.  This  latter  factor  is  a  function  of  the  ratio  of  the 
explosive  mass  per  unit  area  to  tube  mass  per  unit  area.  Figure  7  (b)  shows 
the  arrangement  at  some  time  after  detonation  during  the  compaction  process. 
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FIGURE  6  Shock  waves  induced  in  various  materials  by  normally  incident  plane 
detonation  waves  (Orava,  and  Wittman  1975) 
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FIGURE  7  Assembly  for  explosive  compaction  of  powders:  (a)  prior  to 
compaction  and  (b)  during  compaction  (Prlimmer  1973) 


Explosively  Driven  Plates 

Much  higher  pressures  can  be  produced  with  explosively  driven  plates  than 
with  contact  explosives.  In  general,  the  higher  the  plate  velocity  the  higher 
the  pressure  will  be  at  impact.  Plate  velocities  from  1  to  7  km/sec  can  be 
attained  using  typical  explosive  driving  systems  (Graham  1978).  An  example  of 
one  such  system  is  shown  in  Figure  8.  The  recovery  fixture  must  be  designed 
to  allow  a  uniform  shock  wave  to  act  on  the  powder  and  to  prevent  reflected 
waves  or  other  interactions  from  damaging  the  resulting  compact.  This  can  be 
accomplished  through  the  use  of  momentum  traps  to  prevent  the  destructive 
effects  of  reflected  waves  and  protective  covers  to  prevent  impact  damage. 

The  duration  of  the  high  pressure  is  primarily  a  function  of  the  thickness  of 
the  flying  plate. 

Gun  Launched  Projectiles 

Reasonably  high  shock  pressures  can  be  generated  by  the  impact  of 
flat-ended  gun-launched  projectiles  on  targets.  This  method  has  been  widely 
used  for  experimental  investigation  of  the  behavior  of  materials  subjected  to 
shock  loading. 
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FIGURE  8  Arrangement  for  powder  compaction  using  an  explosively 
driven  flyer  plate 


The  guns  are  smooth-bore  and  use  compressed  gas,  propellants,  or  multistage 
light-gas  systems  to  accelerate  the  projectile  to  the  desired  velocity. 
Compressed-gas  guns  can  produce  impact  velocities  between  100  and  2000  m / sec 
(Raybould  1980).  With  special  techniques,  velocities  as  low  as  20  m/sec  have 
been  routinely  achieved  (Graham  1977).  Propellant-actuated  guns  achieve 
velocities  in  the  range  of  400  to  2500  m/sec  and  multistage  light-gas  guns 
achieve  velocities  up  to  about  8000  m/sec. 

Since  the  guns  described  above  are  predominantly  used  for  experimental 
work,  they  are  designed  and  constructed  to  control  accurately  the  alignment  of 
the  impacting  surfaces  so  that  the  closure  time  of  the  surfaces  are  nearly 
simultaneous  or  the  rate  of  closure  is  accurately  known.  These  guns  are  not 
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designed  for  rapid  cycling  and  are  therefore  not  suitable  for  production  work. 
However,  a  production  machine  that  launches  a  projectile  using  compressed  air 
is  under  development  by  Institute  CERAC,  S.A. ,  of  Switzerland  (Raybould  1981). 
The  speed  range  of  the  projectile  is  300  to  1200  m/sec  and  compaction  of  the 
powder  occurs  by  the  passage  of  an  intense  shock  wave  through  the  powder. 

Commercial  Machines 


Several  commercial  high  speed  forming  machines  have  been  developed  that 
operate  on  the  principle  of  the  sudden  release  of  stored  energy  (Davies  and 
Austin  1970).  The  energy  is  stored  in  a  compressed  gas,  the  sudden  expansion 
of  which  accelerates  a  ram.  Examples  of  machines  using  this  principle  are 
those  formerly  made  by  Dynapak  and  U.S.  Industries.  Other  machines  use 
chemically  stored  energy  in  the  form  of  a  combustible  fuel  and  still  others  use 
electrical  energy  to  accelerate  the  mass  directly.  An  example  of  a  machine 
using  chemically  stored  energy  is  the  Petro-Forge,  which  was  designed  by  the 
Mechanical  Engineering  Department  of  England's  University  of  Birmingham. 

Although  these  machines  were  not  specifically  designed  to  produce  shock  waves 
in  materials,  some  of  them  have  been  used  for  the  dynamic  compaction  of 
powders.  A  brief  description  of  the  Dynapak,  U.S.  Industries,  and  Petro-Forge 
machines  is  given  below. 

The  Dynapak  machines  were  produced  by  the  Convair  Division  of  General 
Dynamics  Corporation.  Although  these  machines  are  no  longer  manufactured,  a 
number  are  still  in  operation.  The  preferred  energy  source  is  dry  nitrogen 
compressed  to  about  2000  psi.  The  system  is  designed  such  that  the  high 
pressure  gas  holds  the  piston  against  a  seal,  keeping  the  system  in  static 
balance  with  a  large  area  of  the  piston  exposed  to  atmospheric  pressure.  The 
machine  is  triggered  by  a  small  surge  of  high  pressure  gas  into  the  chamber  on 
the  atmospheric  side  of  the  piston.  This  admission  of  gas  disturbs  the  static 
balance  breaking  the  seal  so  that  the  entire  external  face  of  the  piston  is 
exposed  to  the  high  pressure  gas.  The  force  exerted  by  this  gas  pressure 
accelerates  the  piston  very  rapidly  until  it  strikes  the  work  piece.  The 
design  of  the  machine  is  such  that  very  little  shock  is  transmitted  to  the 
ground.  The  maximum  ram  speed  of  all  the  machines  is  about  18  m/sec.  The 
range  of  maximum  energies  of  the  various  machines  is  between  8000  and  225,000 
ft-lb;  the  cycle  rate  ranges  from  20  to  7  cycles  per  minute. 

The  U.S.  Industries  machines  are  manufactured  by  its  Production  Machine 
Division  and  use  the  sudden  release  of  compressed  nitrogen  to  drive  opposed 
rams  together.  The  method  of  energy  release,  which  is  somewhat  different  than 
that  of  the  Dynapak  machines,  will  not  be  described  here.  These  machines  are 
available  in  three  sizes,  the  maximum  energy  of  the  blow  being  50,000,  150,000 
and  300,000  ft-lb.  The  maximum  closing  speed  of  the  platens  is  about  20  m/sec 
in  each  model  and  a  typical  cycling  rate  is  8  per  minute. 

The  Petro-Forge  machine  works  on  a  principle  similar  to  that  of  the  Dynapak 
machine  with  the  major  exception  that  the  energy  is  supplied  by  combustion  of  a 
fuel.  The  pressure  thus  produced  breaks  a  seal  releasing  high  pressure  products 
of  combustion  to  act  over  the  entire  piston  area.  The  piston  assembly  is  thus 
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accelerated  rapidly  downward.  The  maximum  rating  of  this  machine  is  20,000 
ft-lbs  of  work  with  a  maximum  impact  velocity  of  18  m/sec  and  a  cycle  time  of 
one  per  second. 


INSTRUMENTING  AND  MONITORING  HIGHLY  DYNAMIC  EVENTS 


As  mentioned  previously,  the  measurement  of  any  pair  of  variables  in 
Equations  (1)  through  (6),  when  coupled  with  the  known  initial  conditions,  is 
sufficient  to  define  a  point  on  the  shock  wave  loci  or  Hugoniot.  The  most 
useful  representations  result  from  the  plotting  of  P  versus  u  and  U  versus  u. 
Also,  if  the  equation  of  state  is  known,  a  useful  representation  in  the 
P  versus  V  plane  is  obtained.  A  comprehensive  review  of  the  various  techniques 
for  measuring  wave  profiles  in  shock-loaded  solids  is  given  by  Graham  and  Asay 
(1978).  Earlier  reviews  of  methods  are  given  by  Fowles  (1972),  Jones  and 
coworkers  (1970),  Karnes  (1968),  McQueen  (1964),  Doran  (1963),  Duval  and  Fowles 
(1963),  and  Deal  (1962).  Because  the  literature  is  so  extensive,  only  a  brief 
description  of  some  selected  methods  will  be  presented  here. 


Table  2  presents  a  history  of  the  most  widely  used  detectors  (Davison  and 
Graham  1979).  The  methods  are  grouped  into  two  broad  categories:  those  that 
give  a  measurement  of  the  displacement  as  a  function  of  time  and  those  that 
give  a  measurement  of  velocity  or  stress  as  a  function  of  time.  The 
displacement  versus  time  devices  are  further  divided  into  those  that  produce 
discrete  points  (a  collection  of  these  would  be  required  to  give  a  series  of 
points  on  a  displacement-time  curve)  and  those  that  give  continous 
displacement-time  measurements.  Hence,  measurement  of  shock  transit  times  via 
back-surface  motion  and  measurement  of  the  free-surface  displacement  as  a 
function  of  time  permit  the  determination  of  the  shock  velocity,  U,  and  the 
particle  velocity,  u,  which  is  approximately  the  free-surface  velocity.  The 
devices  used  for  displacement  measurements  and  stress  measurements  can  be 
classified  as  optical,  electrical  and  radiographic.  An  example  of  an  optical 
device  is  a  smear  or  streak  camera  that  can  be  used  to  measure  both  shock  and 
free-surface  velocities.  An  example  of  an  electrical  device  is  a  displacement 
capacitor  that  can  be  used  to  measure  free  surface  velocity. 


Multiple-flash  X-ray  photographs  at  known  time  intervals  can  be  used  to 
measure  directly  both  shock  velocity  and  density  behind  a  strong  shock  wave. 
Flash  X-ray  techniques  also  can  be  used  to  show  a  shock  profile  at  some 
specific  time  during  an  event  such  as  that  shown  in  Figure  9.  The  figure  shows 
a  collapsing  cylinder  during  a  powder  compaction  experiment  from  a  starting 
configuration  similar  to  that  shown  in  Figure  7  (a). 


The  earliest  free-surface  displacement  measurements  were  made  by  setting 
a  large  number  of  electrical  contactor  pins  at  carefully  measured  distances  from 
the  surface  and  recording  the  shorting  times  on  one  or  more  oscilloscopes.  This 
technique  is  tedious;  however,  variations  of  the  method  appear  from  time  to  time. 
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TABLE  2  Dates  of  Development  of  Detectors 


Displacement 
Di screte 

vs.  Time 

Continuous 

Velocity  or  Stress-Time 

1945 

Pins 

— 

1955 

Flash  gap 

— 

1956 

— 

— 

19  57 

Pins 

Capacitor 

1958 

— 

19  59 

— 

— 

1960 

— 

Capacitor 

Electromagnetic  velocity3 

1962 

— 

Optical  image 

Quartz  piezoelectric3 

Manganin  piezo- 
resistance3 

1963 

— 

Inclined  mirror 

Optical  lever 

1964 

Pins 

Inclined  resistor 

1965 

Pins 

Displacement 

Interferometer 

1966 

— 

— 

1967 

— 

— 

Velocity  interferometer 

1968 

Pins 

— 

Sapphire  solid  dielectric 

1970 

— 

Electromagnetic 
Stress  integral 

1971 

Pins 

— 

1972 

— 

— 

VISAR3 

1973 

— 

— 

LiNbO^  piezoelectric 
anxisymmetric  magnetic 

1974 

— 

— 

1976 

Pins 

— 

aDetectors 

currently  most 

widely  used. 

Source:  Davison  and  Graham  1979. 
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FIGURE  9  Flash  X-ray  photograph  of  collapsing  cylinder  during  explosive 
powder  compaction  (Linse  1980) 
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The  flash-gap  uses  the  principle  that  gases  such  as  air,  argon,  or  xenon 
in  narrow  spaces  between  a  specimen  surrounded  by  plastic  blocks  are  heated  to 
luminescence  by  successive  shock  reverberations  in  the  gas.  Subsequent  heating 
of  the  plastic  quickly  extinguishes  the  light.  These  events  can  be  recorded  by 
a  smear  camera  and  hence,  knowing  the  writing  speed,  the  transit  time  of  the 
shock  wave  through  the  specimen  can  be  determined. 

The  capacitor  method  uses  the  specimen  as  one  electrode  of  a  variable 
condenser  wherein  the  capacitance  varies  inversely  with  the  spacing.  Thus,  a 
circuit  is  designed  such  that  a  voltage  varying  with  capacitor  gap  is  produced 
and  recorded  on  an  oscilloscope. 

Optical  techniques  are  based  on  the  fact  that  the  optical  reflectivity  of 
the  free  surface  of  a  solid  almost  always  is  considerably  reduced  during  the 
emergence  of  a  shock  wave.  Several  schemes  based  on  this  phenomenon  have  been 
used  to  record  data.  One  such  technique  uses  transparent  mirrors  silvered  on 
their  inside  surfaces.  The  mirror  on  the  specimen-free  surface  is  inclined  at 
a  small  angle.  The  assembly  is  illuminated  by  an  intense  light  source.  The 
arrival  of  the  shock  wave  causes  an  abrupt  change  in  the  light  intensity.  The 
event  is  recorded  by  a  streak  camera  through  a  viewing  slit  and  gives  the 
velocity  of  the  collision  point  between  the  specimen  free  surface  and  the 
inclined  mirror.  Knowing  the  collision  point  velocity  and  the  angle  of 
inclination  of  the  mirror,  the  free  surface  velocity  can  be  calculated. 

The  slant-wire  resistor  also  can  be  used  to  record  the  change  in 
resistance  with  time  as  the  free  surface  contacts  the  wire.  The  distance 
versus  time  curve  thus  obtained  can  be  differentiated  to  obtain  the 
free-surface  velocity. 

Electromagnetic  velocity  transducers  have  been  used  to  obtain  time-resolved 
particle  velocity  measurements  in  insulators.  The  method  uses  a  short  length 
of  conductor  embedded  in  the  material.  A  voltage  is  produced  that  is  propor¬ 
tional  to  velocity  and  an  externally  applied  transverse  magnetic  field. 

Laser  interferometry  has  been  used  to  measure  both  free-surface 
displacement  and  velocity.  The  technique  uses  the  usual  beam-splitting 
methods  and  interference  fringe  analysis. 

The  original  velocity  interferometer  method  required  specularly  reflecting 
surfaces.  However,  if  the  moving  surface  is  used  as  a  light  source  for  a  wide 
angle  Michelson  interferometer,  a  diffusely  reflecting  surface  will  do.  This 
resulted  in  the  velocity  interferometer  system  for  any  reflector  (VISAR). 

The  x-cut  quartz  transducer  uses  the  linear  piezoelectric  effect  to 
measure  time-resolved  stress  history  up  to  about  25  kilobars.  Materials  such 
as  manganese,  ytterbium,  and  carbon  are  piezoresistive  and  have  been  used  for 
time-resolved  stress  history  measurements. 
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Temperature  measurements  of  opaque  solids  subjected  to  shock  loading  have 
been  limited  to  the  surface  whereas  the  internal  temperatures  of  shocked 
transparent  solids  have  been  measured  by  optical  means.  Raybould  (1980) 
reports  measurement  of  the  average  temperature  rise  in  shock  powders  by  means 
of  a  thermocouple  embedded  in  the  powder. 
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Chapter  4 


CONSOLIDATION  AND  RELATED  PHENOMENA  DURING  DYNAMIC  COMPACTION 

MATERIALS  RESPONSES 


The  classical  macroscopic  approach  to  dynamic  shock  wave  alteration  of  a 
solid  is  expressed  in  the  Rankine-Hugoniot  relationship  that  includes  only  one 
materials  parameter,  E,  an  averaged  value  defined  as  internal  energy  per  unit 
mass.  In  this  macroview,  the  material  itself  is  treated  as  being  homogeneous 
and  possessing  continuum  properties.  In  fact,  even  in  solid  bodies,  the 
actual  processes  by  which  real  materials  are  able  to  absorb  energy  are  very 
likely  to  be  discrete,  strongly  orientation  dependent,  and  quite  inhomogeneous 
In  particulate  assemblages,  although  some  statistical  averaging  takes  place, 
the  elementary  processes  remain  locally  quite  discrete  and  inhomogeneous. 

The  externally  determined  macroscale  knowledge  of  the  shock  event  must  be 
supplemented  with  very  detailed  microstructural  predictions  and/or 
characterizations  of  its  consequences  if  a  fundamental  understanding  of  the 
shock-induced  compaction  process  is  to  be  developed,  if  the  process  is  to  be 
generalized  over  a  wide  range  of  materials  choices,  or  if  articles  of  selected 
materials  are  to  be  produced  in  reliable,  useful  forms  and  shapes.  The 
ultimate  goal  of  the  materials  scientist  therefore  must  be  elucidation  of  all 
those  elementary,  often  atomistic  processes  that  might  enable  a  specific 
particulate  assemblage  of  a  given  material  to  respond  to  the  passage  of  a 
specific  shock  wave  (i.e.,  under  designated  conditions  of  geometry, 
temperature,  etc.)  in  ways  that  will  yield  a  very  specific  set  of  altered 
microstructural  features.  This  important  goal  is  not  likely  to  be  achieved 
easily.  On  the  one  hand,  the  fine  spatial  scale  and  highly  randomized  nature 
of  particulate  assemblages  and,  on  the  other,  the  very  short  duration  and 
extreme  severity  of  the  typical  shock  wave  event  combine  to  make  direct,  real 
time  experimentation  in  this  field  both  quite  difficult  and  inherently  limited 
in  terms  of  useful  resolving  power.  It  seems  most  likely  that  the  needed 
understanding  may  have  to  be  gained  more  indirectly  or  obliquely,  in  part 
through  extensive  (and  expensive)  microstructural  (and  other)  characterization 
of  materials,  both  before  and  after  shocking,  and  in  part  by  computer  modeling 
and/or  simulation  methods. 

Mathematical  expressions  capable  of  treating  the  whole  set  of  materials 
parameters  involved  in  dynamic  compaction  events  apparently  have  yet  to  evolve 
However,  there  are  enough  parallels  with  various  well  documented  materials 
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responses  in  more  conventional  rate  regimes  that  place  great  emphasis  on  the 
importance  of  such  things  as  orientation-dependent  tensor  properties, 
morphology-dependent  densif ication  processes,  detailed  materials 
characterizations,  statistical  distribution  functions,  and  computer  modeling 
and  simulation  techniques  to  warrant  preliminary  consideration  of  the  probable 
nature  of  the  most  important  materials  variables. 

DESCRIBING  ELEMENTARY  PROCESSES  IN  DYNAMIC  COMPACTION  OF  POWDERS 

The  inherently  statistical  nature  of  powders  and  powder  compacts  clearly 
dictates  (Palmour  et  al.  1981)  that  all  the  relevant  particulate  parameters 
ultimately  must  be  treated  as  distribution  functions  (Figure  10). 

1.  Particle  size  distribution  (not  just  particle  size). 

2.  Particle  shape  distribution  (not  just  shape  factor). 

3.  Particle  coordination  distribution  (not  just  average  coordination 
number) . 

4.  Orientation  vector  distribution( s)  (not  just  single  valued 
orientation)  including : 

(a)  orientation  of  stress  (or  shock  wave)  vector(s)  with  respect  to 
crystallographic  orientation  vectors  within  the  particle. 

(b)  orientation  of  stress  (or  shock  wave)  vector(s)  with  respect  to 
each  of  the  contact  points  with  other  particles. 

(c)  location  and  orientation  distributions  of  other,  near-contact 
points  within  the  particle  assembly. 

For  a  given  shock  wave  interacting  with  a  given  particle  assemblage,  the 
passage  of  the  shock  wave(s) — through  the  mass  of  particles  by  means  of 
existing  contact  points  and  high  probability  near-contact  points  as  well 
(Figure  11) — will  be  sensitive  to  the  position  and  orientation  distributions 
described  above. 

In  principle,  the  materials-dependent  consequences  of  that  shock  wave 
passage  (e.g.,  rearrangement,  dislocation  slip  and/or  climb,  twinning, 
fracture,  communication,  melting,  jetting)  will  thereafter  be  discernable  in  a 
bef ore-and-af ter  comparison  between  the  previously  characterized  initial  state 
and  a  post-shock  characterization  of  the  compacted  powder  assemblage  in  the 
form  of  similar  distribution  functions. 

The  passage  of  a  given  shock  wave  (including  multiple  arrivals, 
reflections,  departures,  etc.)  through  a  given  particle  or  set  of  particles 
can  be  treated  with  rigor  only  if  all  the  statistical  distributions  listed 
above  (and  perhaps  still  others  not  yet  listed)  somehow  can  be  measured, 
defined,  and/or  estimated. 
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COORDINATION  (N)  COORDINATION  (N) 


(a)  DQ  -  0.40 


Dq  =  0.60 


FRACTIONAL  DENSITY 


(b) 


(c) 


FIGURE  10  Statistical  distributions  in  particle-particle  coordination  and 
changes  in  surface  area  and  average  coordination  during  densif ication 
obtained  from  computer-modeled  packing  and  sintering  of  compacts  of 
uniformly  sized  spheres:  (a)  evolution  of  coodinational  distribution  during 
densif ication,  (b)  changes  in  surface  area  during  densif ication ,  and  (c) 
changes  in  coordination  during  densif ication  (Hare  1980) 
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FIGURE  11  Computer-derived  cross-sections  of  initial  and  densified  packings 
of  uniform  spheres:  (a)  cross  sections  through  uniformly  sized  particle 
compacts  of  different  green  density,  D0,  and  (b)  cross-sections  of 
densified  (but  not  rearranged)  packings  of  uniformly  sized  spheres  of 
different  green  density,  DQ .  Note  actual  contact  points  and  subsequent 
sintering  interfaces  (overlapping,  necks  not  drawn)  as  well  as  other 
near-contact  points  existing  between  spheres  (Hare  1980) 
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For  almost  all  ceramics,  and  probably  for  most  metals,  the  local 
concentrations  of  compressive  stress  at  contact  points  during  dynamic 
compaction  give  rise  to  large  hydrostatic  restraining  forces  that  permit 
extensive  plastic  flow  processes  to  occur  locally  at  strain  rates  far  higher 
than  could  be  tolerated  by  that  material  under  normal  static  loading 
conditions . 

Local  temperature  gradients  and  distributions  may  be  extreme,  and  at 
least  in  part,  will  depend  on  all  the  statistical  and  spatial  distributions 
described  above. 

The  microstructural  consequences  of  the  shock  wave  through  such  a 
particle  assemblage  will  depend  sensitively  on  the  nature  of  the  material,  the 
scale  of  the  experiment,  other  imposed  conditions,  and  the  basic  parameters  of 
the  shock  wave  itself  as  well  as  on  the  statistical  distribution  factors.  For 
most  materials,  the  consequences  hopefully  can  be  described  in  terms  of  a 
statistically  definable  distribution  of  bond  types  and/or  morphological 
features  resulting  from  all  operable  flow  and  fracture  mechanisms  within  a 
statistically  definable  spatial  distribution. 

For  the  dynamic  compaction  of  powders,  this  whole  ensemble  of  highly 
variable  conditions,  distributions,  and  other  factors  constitutes  a  very 
formidable  set  of  physical  and  mathematical  obstacles,  a  set  clearly  capable 
of  challenging  the  best  theoreticians,  modelers,  experimenters,  and 
characterizer s  for  years  to  come.  In  the  rather  closely  allied,  although 
probably  less  complex,  field  of  sintering,  many  such  theories  and  models  have 
been  developed  for  various  parts  of  the  whole  densif ication  process.  In  fact, 
they  alone  generally  have  proven  to  be  inadequate  for  making  reliable 
predictions  of  actual  sintering  behavior  from  first  principles  (Exner  et  al. 
1973,  Exner  and  Petzow,  1980,  Johnson  1973,  1978  and  1980,  Palmour  et  al. 
1969).  By  analogy,  and  particularly  in  view  of  its  greater  complexity,  models 
and  theories  for  dynamic  compaction  might  well  be  expected  to  be  similarly 
inadequate  as  d_e  facto  predictors  of  exact  behavior. 

However,  any  such  argument  based  on  direct  practical  applicability  alone 
is  an  obviously  spurious  one.  In  the  committee’s  view,  it  certainly  does  not 
lead  convincingly  to  the  negative  position  that  such  theories  and  models  could 
hardly  be  worth  developing.  Rather,  the  relevant  field  of  sintering  has 
provided  many  examples  of  the  great  value  that  innovative  experimentalists 
(working  sucessfully  in  complex  ceramics,  for  example)  have  attributed  to 
enlightenment  and  guidance  they  have  gained  from  the  available  (although 
admittedly  somewhat  simplistic)  models  and  theories  (Davidge  1973,  Kolar  1980, 
Kolar  and  Stadler  1978,  Palmour  and  Huckabee  1978,  Palmour  et  al.  1979,  Reeve 
1966,  Spriggs  and  Dutta  1973,  Stuijts  1973). 

The  emerging  field  of  dynamic  compaction  of  technologically  useful 
particulates  obviously  needs  the  early  benefit  of  better  theories,  more 
sophisticated  models,  and  more  extensive  (and  much  more  enlightened) 
experimentation.  Theory,  invention,  characterization,  and  reduction  to 
practice  are  all  required,  and  to  be  effectively  developed  in  a  timely  and 
coordinated  way,  the  field  must  receive  sufficient  support  to  allow  all  four 


aspects  to  develop,  and  to  be  sustained  interactively  and  iteratively,  in  a 
harmonious  and  mutually  supportive  manner. 

RECRYSTALL1ZAT1QN  AND  GRAIN  GROWTH  PHENOMENA  DURING  DYNAMIC  COMPACTION 


In  contrast  to  the  traditional  solids  processing  methods,  in  dynamic 
compaction  a  high  stress  is  applied  for  a  short  period  of  time  and  stress 
relaxation  may  be  achieved  during  or  shortly  after  compaction  by  recovery, 
recrystallization,  and  growth.  Similarly,  when  metals  or  ceramics  are 
deformed  by  more  conventional  processing  methods  and  heat  treated,  they  also 
will  restore  to  a  stress-free  condition  by  the  same  mechanisms.  In  this 
latter  case,  however,  unless  the  material  is  rather  well  worked,  it  is  likely 
that  stress  relaxation  will  be  achieved  largely  through  recovery  (dislocation 
rearrangement  and  vacancy  removal)  and  secondary  grain  growth  processes. 

Highly  dynamic  compaction,  however,  can  lead  to  a  high  degree  of 
recrystallization  (nucleation  and  growth  process  yielding  strain-free  grains 
with  high  angle  grain  boundaries  sweeping  through  the  deformed  material).  The 
driving  force  for  both  recovery  and  recrystallization  is  provided  by  the  high 
internal  energy  of  the  deformed  structures,  but  the  energy  released  by  recovery 
is  about  ten  times  smaller  than  that  by  recrystallization.  Property  changes 
resulting  from  recovery  usually  are  less  significant  than  those  resulting  from 
recrystallization  and  the  energy  restored  by  recovery  also  is  small  compared 
to  the  high  energy  input  during  dynamic  compaction.  The  grain  growth  process 
to  reduce  the  interfacial  energy  becomes  operative  when  recrystallization  is 
completed  but  it  is  doubtful  that  the  latter  process  can  be  completed  within 
the  relatively  short  time  span  of  dynamic  compaction.  However,  factors  other 
than  the  driving  force,  also  are  applicable  to  the  growth  process  in 
recrystallized  high-angle  grain  boundaries.  These  important  factors  in 
dynamic  compaction  include: 

1.  Changes  in  particle  characteristics  by  recrystallization. 

2.  Effects  of  stress  magnitudes. 

3.  Effects  of  deformation  modes. 

4.  Effects  of  dopants. 

Since  the  stress  distribution  can  be  rather  heterogeneous  within  a 
specimen  under  compaction,  it  is  conceivable  that  recrystallization  may  occur 
in  certain  highly  strained  portions  well  before  densif ication  is  completed. 
Grain  boundary  migration  during  recrystallization  may  lead  to  the  coalescence 
of  several  grains  and  particle  coarsening  results.  Since  the  driving  force 
for  grain  boundary  motion  is  rather  high  and  the  pore  mobility  is  relatively 
low  at  low  temperatures,  pore  entrapment  within  the  coalesced  grains  can 
occur.  Consequently,  recrystallization  in  a  local  region  of  a  porous  compact 
can  change  the  powder  characteristics  and  the  green  microstructure  before 
densif ication  takes  place.  Another  more  important  change  in  the  powder 
characteristics  during  compaction  probably  results  from  the  frictional  force 
between  particles  during  the  stress-imposed  particle  rearrangement  within  the 
compact . 
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It  is  obvious  that  the  rate  of  recrystallization  depends  on  the  extent  of 
deformation  because  the  driving  force  due  to  the  high  internal  energy  is 
provided  by  the  deformation  process  and  the  nucleation  and  growth  processes  of 
the  recrystallized  grain  are  related  to  the  distribution  of  dislocation 
density  within  the  deformed  solid.  The  propensity  for  recrystallization 
generally  is  described  by  the  recrystallization  limit  (i.e.,  the  minimum 
temperature  below  which  recrystallization  will  not  occur  within  a  given  time). 
In  general,  an  increase  in  strain  decreases  the  recrystallization  limit. 

During  dynamic  compaction  a  very  high  strain  can  be  expected.  Therefore,  even 
if  the  specimen  under  compaction  is  maintained  at  ambient  temperature,  in-situ 
recrystallization  can  occur.  Adiabatic  heating  during  compaction  further 
promotes  the  recrystallization  process. 

During  recrystallization,  the  driving  force  for  strain-induced  grain 
boundary  migration  is  due  to  the  difference  in  the  strain  energies  on  both 
sides  of  the  migrating  boundary.  Thus,  the  driving  force  for  boundary 
migration  in  a  specimen  under  a  hydrostatic  stress  is  identical  to  that  when 
the  specimen  is  in  an  unstressed  state.  However,  some  minor  difference  in  the 
boundary  mobility  may  be  expected  in  a  specimen  under  stress.  This  is  likely 
due  to  changes  in  the  solute  diffusivity,  grain  boundary  structures,  and  grain 
boundary  energy  when  a  sample  is  under  stress. 

The  difference  in  the  strain  dependences  of  the  nucleation  rate  and  the 
growth  rate  during  recrystallization  will  be  reflected  in  the  resulting 
microstructure.  The  nucleation  rate  usually  is  slow  at  low  strains,  but  it 
increases  significantly  as  strain  increases.  The  growth  rate,  however, 
increases  rapidly  at  low  strains  and  becomes  constant  for  strains  higher  than 
a  certain  value.  During  dynamic  compaction,  the  nucleation  rate  increases 
rapidly  at  high  strains.  Thus,  the  high-angle,  crystallized  grain  boundaries 
have  to  migrate  only  a  short  distance  before  impingement  on  each  other  and  a 
fine  recrystallized  microstructure  results.  However,  a  heterogeneous  strain 
distribution  within  a  porous  compact  may  be  expected.  In  regions  with  low 
strains,  the  nucleation  rate  may  be  slow  while  the  growth  rate  is  relatively 
fast  and  the  grain  boundaries  may  have  to  migrate  a  long  distance  before  the 
impingement  and  grain  coarsening  stops.  Consequently,  the  resulting  grain 
size  distribution  can  be  directly  related  to  the  heterogeneous  strain 
distribution  in  a  material  under  compaction. 

Recrystallization  rates  have  been  found  to  be  dependent  on  deformation 
modes.  Barto  and  Ebert  (1943)  have  shown  that  the  recrystallization  rate 
increases  as  the  tensile  component  of  a  deformation  stress  increases  and  that 
the  recrystallized  grain  size  resulting  from  tension  is  significantly  larger 
than  that  from  compression.  The  tensile  component  probably  increases  the 
dislocation  density  that  provides  a  greater  driving  force  and  a  larger  number 
of  nucleation  sites  for  recrystallization.  During  dynamic  compaction,  when 
the  mechanical  impedance  of  the  specimen  does  not  match  that  of  the  base  or 
substrate,  the  reflected  wave  can  generate  a  tensile  stress  component  in  a 
local  region  of  the  specimen.  Thus,  a  variation  in  the  resulting 
microstructure  of  the  specimen  may  be  expected  when  substrates  or  bases  with 
different  mechanical  characteristics  are  used. 


36 


A  rapid  deformation  rate  has  been  shown  to  give  rapid  multiplication  of 
dislocations  and  heterogeneous  plastic  flow.  A  decrease  in  the  flow  stress 
has  been  reported  at  high  strain  rates.  Thus,  the  high  deformation  rate 
during  dynamic  compaction  leads  to  a  greater  propensity  for  recrystallization 
because  of  an  increased  dislocation  density.  Heterogeneous  plastic  flow  can 
further  increase  the  variation  in  the  size  distribution  of  the  resultant 
micro structures. 

The  rate  of  recrystallization  also  has  been  shown  to  be  strongly 
dependent  on  dopant  content.  In  general,  a  dopant  can  reduce  the 
recrystallization  rate  significantly  and  can  increase  the  minimum  strain  and 
temperature  required  for  recrystallization.  It  has  been  reported  that 
recrystallization  of  high  purity  aluminum  (Demmler  1956)  and  potassium 
chloride  (Yan  et  al.  1975)  can  occur  at  room  temperature.  However,  the 
solubilities  of  dopants  in  both  metals  and  ceramics  usually  have  a  strong 
temperature  dependence.  When  the  compaction  process  is  initiated  at  room 
temperature,  dopants  may  exist  in  the  form  of  a  supersaturated  solid  solution 
or  second-phase  precipitates,  depending  on  the  thermal  history  of  the  powder 
preparation  process.  Adiabatic  heating  during  compaction  may  lead  to  either  a 
further  precipitation  or  particle  coalescence  on  dissolution  of  the  second 
phase  into  the  matrix,  depending  on  the  kinetics  as  well  as  the  degree  of 
departure  from  equilibrium  at  the  compaction  temperature.  It  is  obvious  that 
the  thermodynamic  state  of  dopants  during  dynamic  compaction  can  have  a 
profound  influence  on  the  recrystallization  process.  Consequently,  the 
recrystallization  kinetics  and  mechanisms  may  vary  significantly  depending  on 
the  type  and  amount  of  dopants  as  well  as  the  thermal  history  of  the  powder 
and  the  compaction  conditions. 

A  solute  may  affect  both  the  nucleation  and  growth  stages  during 
recrystallization.  It  generally  is  believed  that  both  the  nucleation  and 
growth  rates  are  decreased,  but  probably  at  different  rates,  by  a  solute.  It 
has  been  proposed  that  solutes  stabilize  dislocation  networks  or  low-angle 
grain  boundaries  so  that  their  coalescence  to  form  nuclei  for  recrystallization 
is  delayed.  Solutes  also  can  decrease  the  overall  misorientation  across 
sub-cell  walls  and,  thus,  decrease  the  nucleation  rate.  A  reduction  in  the 
stacking-fault  energy  can  be  caused  by  solutes,  and  this  can  influence  the 
perfection  and  size  of  sub-cells. 

There  have  been  several  theories  of  grain  growth  inhibition  by  solute  drag 
(e.g.,  by  Cahn,  Lucke ,  and  Stuve).  These  theories  essentially  assume  an 
interaction  potential  between  an  impurity  cloud  and  the  migrating  grain 
boundary.  An  asymmetric  solute  distribution  on  both  sides  of  the  migrating 
grain  boundary  leads  to  an  impurity  drag  force.  When  the  migration  rate  of 
the  grain  boundary  is  sufficiently  fast,  the  solute  diffusion  cannot  keep  pace 
with  the  boundary  and  a  break-away  of  the  solute  cloud  occurs.  This  may  lead 
to  a  change  in  the  controlling  mechanism  in  grain  boundary  migration  kinetics. 

Kreye  and  Hornbogen  (1970)  have  reviewed  the  recrystallization  process  in 
a  supersaturated  solution.  The  incubation  times  for  the  recrystallization  and 
precipitation  processes  are  analyzed  and  shown  in  Figure  12.  When  the  strain 
is  relatively  high,  tr,  the  incubation  times  for  recrystallization  are  much 


Reciprocal  temperature,  1/T 


37 


shorter  than  for  precipitation,  tp.  Thus,  recrystallization  can  be  completed 
well  before  any  precipitation  can  occur.  However,  when  tp  is < tr  in  the  case 
of  a  relatively  low  strain,  three  different  processes  can  be  expected.  In  the 
range  T^>  T  >T2,  grain  boundaries  originate  and  migrate  in  the  supersaturated 
solid  solution.  At  T  <  T2 ,  the  grain  boundary  motion  is  retarded  by  the 
precipitating  particles.  In  the  range  T2>T>T3,  dislocation 

rearrangements  for  the  formation  of  recrystallization  fronts  and  their  mobility 
are  retarded  increasingly  with  increasing  supersaturation.  Below  T3,  the 
particle  density  is  so  high  that  all  dislocations  are  pinned.  Thus,  the 
recrystallization  kinetics  are  controlled  by  the  precipitation  kinetics. 


FIGURE  12  Schematic  time-temperature-transformation  diagram  for 
recrystallization  and  precipitation  processes  (Kreye  and  Hornbogen  1970) 
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The  most  important  attributes  of  the  second  phase  affecting  recrystallization 
in  two-phase  alloys  are  the  particle  size,  the  volume  fraction,  and  the 
interparticle  spacing.  Recrystallization  can  be  either  accelerated  or  retarded  by 
the  presence  of  dispersed  second-phase  particles.  In  general,  acceleration  is 
associated  with  coarse  particles  and  wide  interparticle  spacings.  It  generally  is 
believed  that  widely  spaced,  coarse  particles  create  localized  strain 
concentrations  at  particle-matrix  interfaces  and  enhance  the  dislocation  cell 
formation  for  recyrstallization  nuclei.  However,  retardation  in  recrystallization 
is  usually  reported  in  cases  with  fine  particles  and  close  interparticle  spacings. 
The  closely  spaced,  fine  particles  lead  to  a  more  uniform  dislocation  distribution 
with  a  less  pronounced  cell  structure  required  to  initiate  recrystallization. 

It  is  obvious  that  the  characteristics  of  the  powder  used  for  dynamic 
compaction  can  affect  the  particle  size  and  the  interparticle  spacing. 

Available  techniques  in  ceramic  processing  and  powder  metallurgy  can  be 
employed  to  tailor  the  powder  characteristics  so  that  the  desired 
recrystallization  behavior  can  be  achieved  during  dynamic  compaction. 
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Chapter  5 


DYNAMIC  COMPACTION  AND  CONDITIONING  OF  METAL  AND  CERAMIC  POWDERS 

HISTORICAL  BACKGROUND 


Research  on  the  dynamic  compaction  of  metal  and  ceramic  powders  had  its 
experimental  beginnings  primarily  in  the  United  States  in  the  1950s  and  1960s 
(Bergmann  1966,  Bergmann  and  Barrington  1966,  Carlson  et  al.  1966,  McKenna  et 
al.  1955).  Subsequently,  research  interest  in  (and/or  support  of)  the  dynamic 
compaction  of  powders  tended  to  diminish  in  the  United  States  but  spread 
worldwide,  and  by  1973  substantial  contributions  to  the  scientific  and 
technological  literature  in  this  growing  field  were  originating  in  West 
Germany  and  the  Soviet  Union  (Bogdanov  et  al.  1973,  Kuz’min  and  Staver  1973, 
Priimmer  1973,  Samsonov  et  al.  1973)  with  additional  activity  in  Japan  and 
elsewhere. 

COMPLEXITY-SPECIFICATION 


From  the  scientific  and  technological  viewpoints,  the  overall  topic  of 
dynamic  compaction  of  powders  is  both  complex  and  very  multifaceted. 

Considered  in  retrospect,  it  becomes  evident  that  the  field  has  been  developed 
by  using  the  combined  interests  and  talents  of  a  worldwide,  distinctly 
multidisciplinary  group  of  scientists  and  engineers.  Obviously  not  all  of 
them  have  shared  all  common  interests  or  certainly  not  all  to  the  same  degree. 
It  is  not  surprising,  therefore,  to  find  considerable  evidence  in  the 
literature  of  discipline-oriented  specialization;  this  is  true  even  of 
otherwise  excellent  general  reviews  that  have  thoroughly  treated  certain 
specific  aspects  of  the  overall  subject  matter.  Physicists  generally  have 
written  for  other  physicists,  metallurgists  for  other  metallurgists,  etc.,  but 
few  have  addressed  the  whole  field  comprehensively. 

REVIEWS  OF  THE  STATE-OF-THE-ART 


Experimental  methods  and  engineering  parameters  for  achieving  dynamic 
compaction  of  powders  of  many  sorts  have  been  discussed  by  Priimmer  (1973), 
Clyens  and  Johnson  (1977),  Roman  and  coworkers  (1980),  Roman  and  Gorobtsov 
(1981) .  The  fundamental  physics  of  shock-waves  and  shock-induced  deformation 
processes  have  been  reviewed  by  Davison  and  Graham  (1979)  and  Grady  (1980). 

Lin  and  Nadiv  (1979)  have  reviewed  a  variety  of  mechanical  and  mechanochemical 
transformations  known  to  occur  during  comminution  processes  and  have  pointed 
out  the  similarity  between  shock-induced  phenomena  and  those  that  occur  in 
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more  conventional  comminution  processes.  In  the  opinion  of  the  committee, 
there  exists  a  regrettable  paucity  of  reviews  or  other  citable  references  that 
specifically  address  the  uniquely  materials-oriented  aspects  of  shock  wave 
phenomena  and  resultant  deformation  processes  at  the  structural  and 
defect-structural  (i.e.,  molecular)  levels  of  concern. 

CHARACTERIZATION  OF  SHOCK-INDUCED  CHANGES  IN  PARTICULATE  MATERIALS 


Since  the  mid-1960s  much  additional  refinement  has  taken  place  in 
characterization  methodology  in  general  as  better  instruments  and  data 
reduction  methods  have  become  available  (McLaren  and  Ott  1978).  However,  many 
of  the  basic  procedures  still  in  use  were  being  utilized  for  characterizations 
of  shocked  powder  materials  in  the  definitive  experiments  of  Bergmann  and 
Barrington  (1966),  and  those  whose  work  followed  closely  thereafter.  Among 
these  are  the  following:  the  monitoring  of  dynamic  compaction  by  flash  X-ray, 
density  change,  and  similar  procedures  (Bergmann  and  Barrington  1966); 
analysis  of  X-ray  line-broadening  as  evidence  of  shock-induced  substructure 
(Bergmann  and  Barrington  1966,  Heckel  and  Youngblood  1968,  Klein  and  Rudman 
1966);  the  characterization  of  thermal  releases  of  annealable  excess  energy  by 
means  of  dynamic  differential  calorimetry*  (Palmour  et  al.  1969);  and  the 
direct  transmission  electron  microscopic  observation  of  dislocation  arrays  in 
shocked  fine  powders  (Palmour  et  al.  1969),  and  in  impact-induced  fracture 
fragments  by  means  of  extraction  replicas  (Kim  and  Palmour  1970,  Palmour  et  al. 
1969).  Some  examples  are  given  in  Figures  13-17. 

Impressive  evidence  of  the  extremely  complex,  heterogeneous,  and  often 
highly  localized  materials  deformation  responses,  including  sintering,  grain 
growth,  recrystallization  and  even  melting,  that  result  from  the  intense 
forces  and  very  short  time  durations  of  shock-wave  phenomena  in  a  ceramic 
powder  have  been  provided  by  the  recent  high  voltage  transmission  electron 
microscropic  studies  by  Yust  and  co-workers  (Figures  18-21) .  These  studies 
were  carried  out  on  ion-beam  thinned  foils  of  alumina  and  other  ceramic 
materials  that  had  been  explosively  compacted  by  Hoenig  and  co-workers  (Hoenig 
et  al.  1975,  Hoenig  and  Yust  1980,  Yust  and  Harris  1981). 

DYNAMIC  COMPACTION  ROUTES 


In  essence,  dynamic  compaction  techniques  may  be  divided  into  two  general 
categories  with  respect  to  the  route  that  can  be  taken  to  achieve  the  final 
densified  product:  direct  and  indirect  (Figure  22). 


^Dynamic  differential  calorimetry  (DDC)  techniques  represent  a  low  thermal  mass 
adaptation  of  the  basic  differential  thermal  analysis  (DTA)  technique;  DDC  is 
now  more  broadly  known  as  differential  scanning  calorimetry  (DSC). 


43 


a 


b 


FIGURE  13  Flash  X-ray  radiographs  showing  mechanism  of  explosive  shock 
treatment  of  powders.  Assembly  before  detonation  of  explosive  (a)  and 
assembly  immediately  after  initiation  of  explosion  (b) .  A.  ceramic  powder; 
B.  tube  wall;  C.  explosive;  D.  target  trigger  to  actuate  X-ray  tubes;  E. 
shock  front  advancing  into  powder;  F.  detonation  front;  G.  detonation 
products.  (Bergmann  and  Barrington  1966) 
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FIGURE  14  Dynamic  differential  calorimetry  of  explosively  shocked  Linde  A 
alumina  powder  (Bergmann  and  Barrington  1966,  Palmour  et  al.  1969) 
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FIGURE  15  Line  broadening  3  as  a  function  of  amount  of  explosive.  Data 
plotted  for  diffraction  peaks  noted  in  parentheses  (hlk.)*  Explosive 
shocking  tube  diameter  =  1-1/8  inch  (Bergmann  and  Barrington  1966) 
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FIGURE  16  Line  Breadth  B  of  the  (113)  X-ray  diffractometer  peak  of  AI2O3 
before  and  after  exploive  shock  treatment  (Bergmann  and  Barrington  1966) 
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FIGURE  17  Direct  transmission  electron  microscopy  of  explosively  shocked 
Linde  A  powder  on  carbon  support  film.  Linde  A  powder,  TEM  X60,000. 

Large  Y  “AI2O3  flocks  have  been  broken  and  dispersed.  Some 
neck-growth  regions  in  (X-AI2O3  grains  (indicated  by  arrows)  have  been 
broken.  Astericks  locate  contrast  effects  considered  to  be  sites  of 

•shock-induced  imperfections  in  several  different  0-AI2O3  grains 
(Bergmann  and  Barrington  1966) 
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FIGURE  18  Extensive  plastic  deformation  in  dynamically  compacted  alumina. 
Intense  tangles  of  dislocations  are  visible  within  the  individual  grains, 
whose  typical  diameters  will  correspond  to  those  of  the  starting  material. 
Also  note  some  local  evidences  of  grain  boundary  sliding  (displaced  triple 
points),  and  cracking  (Yust  1980) 
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FIGURE  19  Extensive  plastic  deformation  and  localized  recrystallization  and 
grain  growth  in  central  region  of  cylinder  of  dynamically  compacted  alumina. 
Note  well-rounded  porosity  at  top  and  bottom  of  large  recrystallized  grain, 
and  region  of  columnar  grains  at  bottom  of  figure.  Both  features  are 
indicative  of  locally  high  temperatures,  near  Tm  (Yust  1980) 
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FIGURE  20  Columnar  grain  growth  on  adjacent,  previously  melted  rack  (or 
boundary)  faces  in  central  region  of  cylinder  of  dynamically  compacted 
alumina,  TEM.  In  this  locale,  energy  density  during  passage  of  the  shock 
wave  was  sufficiently  high  to  cause  brief  localized  surface  melting 
(Tm  2050°C)  to  a  depth  of  1-2  ym,  as  evidenced  by  columnar  grain 
growth  (normal  to  the  melt  surface)  during  subsequent  cooling  (Yust  1980) 
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FIGURE  21  Detail  of  individual  dislocations  and  dislocation  arrays  within 
a  grain  at  the  half-radial  position  in  a  cylinder  of  dynamically  compacted 
alumina,  TEM.  Shock-induced  strain  clearly  is  present  in  the  form  of 

•dislocations.  The  operative  slip  systems  were  not  limited  to  the  basal 
plane,  which  is  oriented  in  the  vertical  direction  (Yust  1980) 
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FIGURE  22  Schematic  presentation  of  alternate  process  routes  for  dynamic 
compaction  and/or  conditioning  of  metal  and  ceramic  powders  (Linse  1980) 
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Direct  Compaction 


In  direct  dynamic  compaction,  the  intense  shock  wave  densities  the 
powder,  with  or  without  external  heating,  to  the  final  densified  product 
that  does  not  need  any  subsequent  thermal  or  mechanical  processing  to  achieve 
further  densif ication  or  interparticle  bonding*  The  compaction  time  is 
extremely  short  (>100 y sec) ;  therefore,  the  usual  kinetic  processes  for 
densif ication,  all  of  which  tend  to  have  longer  time  constants,  are  strongly 
inhibited. 

The  degree  of  densif ication  and  bonding  that  can  be  achieved  by  direct 
dynamic  compaction  under  certain  favorable  conditions  for  selected,  otherwise 
difficult  to  form  particulate  materials  has  been  truly  impressive  (Figure  23 
and  Table  3).  Generally,  compaction  is  accomplished  at  ambient  or  room 
temperature  (cold  compaction)  in  relatively  simple  shapes  such  as  cylindrical 
or  flat  plate  configurations.  Although  compaction  achieved  in  this  manner 
has  the  potential  to  yield  a  product  with  essentially  no  thermal  effects  on 
the  material,  there  are  a  number  of  Inherent  problems  associated  with  this 
approach.  These  include  the  tendency  to  form  cracks  in  all  but  the  most 
ductile  materials,  to  have  density  and  property  gradients,  and  to  have  lower 
than  desired  strength  levels  due  to  incomplete  interparticle  bonding.  The 
problems  become  more  severe  with  the  less  than  responsive  materials  such  as 
ceramics. 

One  optional  route  of  direct  compaction  that  has  seen  limited  but 
apparently  successful  application  has  been  that  of  elevated  temperature  or 
hot  dynamic  compaction  (Gorobstov  and  Roman  1975  and  Linse  1980).  In  this 
approach  the  powder  is  heated  to  an  elevated  temperature  just  prior  to 
compaction  in  order  to  improve  the  flow  capability  of  the  material  during 
compaction  thus  reducing  its  tendency  to  crack.  In  addition,  the  yield 
strength  of  the  material  may  be  lowered  depending  on  the  material  and  Its 
temperature,  thus  permitting  achievement  of  more  uniform  density  with  a 
lesser  amount  of  energy  than  would  be  required  for  cold  compaction.  The 
potential  exists  for  a  number  of  materials  to  achieve  fine  grained  or  unique 
microstructures  through  the  controlled  combination  of  induced  strain  and 
temperature . 

There  are  obviously  many  Incompletely  understood  and  unsolved  technical 
problems  associated  with  direct  dynamic  compaction  yet  to  be  overcome  (e.g.  , 
elimination  of  cracking,  minimization  of  density  and  property  gradients). 

For  less  responsive  materials  and  more  complex  geometries,  the  economic 
attainment  of  articles  having  near-net  shape — and  a  high  degree  of 
structural  integrity — by  direct  compaction  still  remains  technologically 
difficult  (e.g.,  Figure  24). 

The  underlying  causes  for  these  remnant  problems  in  direct  dynamic 
compaction  processes  have  in  general  not  been  investigated  systematically 
in  U.S.  programs.  The  committee  is  aware  of  many  opportunities  for 
systematic  scientific  and  technological  advances  in  this  important  area,  and 
recognizes  a  clear  national  need  for  a  well  coordinated  program  of  sustained 
support  for  research  and  development  in  this  field. 
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FIGURE  23  Examples  of  successful  applications  of  direct  dynamic  compaction 
hot  compacted  technology  to  a  variety  of  metal  and  ceramic  powders: 

(a)  tungsten,  (b)  B4C-UO2,  (c)  T1-6A1-4V  alloy,  hot  compacted;  and 
(d)  SiAlON  (Linse  1981) 
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Table  3  Materials  Compacted  by  Direct  Explosive  Techniques 


Metals 

Tungsten  (hot  and  cold) 

Beryllium 

Molybdenum 

Tantalum 

Titanium 

Steels  (plain,  carbon,  tool) 

Copper 

Nickel 

T.  D.  nickel 

Stainless  Steels  (304,  310,  405) 

W-R 

W-Cu 

Ceramics 


Diamond 

Graphite 

Boron 

U02 

MoSi2 

NboBei 7 

AI2O3 

MgO 

WC 

BeO 

Cr203 

BN  (hot  and  cold) 

SiC 

TaC 

ZrB2 

LiH 

PbTi03 

Metal-Ceramics  Combinations 


Be-C 

U02-S/S 

TaC-W 

W-C 

Ni-Al203 

Ti-TiC 

Cu-C 

BN-W 

CuNi-C 

Other  Materials/Combinations  Compacted 

Tef lon-W 
Tef lon-Be 

Steel  Fibers  in  Aluminum 
Boron  Fibers  in  Aluminum 
Beryllium  Fibers  in  Aluminum 
Amorphous  Metals 


Be-W 

Fe-W 

Cu-Ni 

Cu-Zn 

Co-Be 

T1-6A1-4V  (hot  and  cold) 
Nickel  base  superalloys 
Al-Ni 
W-Ni-Fe 

Haynes  Stellite™  25 
Haynes  Stellite™  31 
Zircaloy-2 


UC2-C 

AI2O3-UO2 

Graphite  -  U02 

Graphite  -  TaC 

Graphite  -  ZrC 

TiO  -  TiC 

FeoC-Fe^C 

Fe3C-C 

SiC-ZrB2 

SiC-MoSi2 

SiC-B^C 

SiC-ZrC 

SiC-TiC 

SiC-Diamond 

U02-B4C 

ZrB2-BN-MoSi2 

Sialon 


w-tho2 

SiC-Cl 

SiC-Ni 

C-Ni 

Diamond-Ni 

WC-CO 

W-U02 

W-TaO 

W-Zr02 


Source:  V.  D.  Linse  1981. 
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FIGURE  24  Microstructural  variations  in  hot  explosively  compacted  alumina.  T-61  AI2O3,  DQ 
0.58,  preheated  to  ^2100°F;  cyclindrically  compacted  at  ^4500  m/sec  (axial),  50-70  Kbar. 
Discolorations  adjacent  to  the  Mach  Stem  resulted  from  acid  digesting  of  the  steel  container,  and 
are  indicative  of  connective  pores  and/or  cracks  in  concentric,  heat-affected  regions  (Zone  B) 
(Linse  1980  and  Palmour  and  Kim  1980) 
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Indirect  Compaction 


The  indirect  alternative  routes  (Figure  22)  can  yield  other  important 
technological  benefits  deriving  from  the  locally  intense  materials  alterations 
which  can  be  induced  by  shock  wave  phenomena.  In  one  alternative  route, 
stemming  from  the  work  of  Bergmann  and  Barrington  (1966),  the  powdered 
material  is  "conditioned"  or  "activated”  by  an  appropriate  shock-wave 
treatment  and  subsequently  is  densified  to  final  state  by  a  slower,  more 
conventional  thermally  activated  densif ication  process  (e.g.,  hot  pressing, 
hot  isostatic  pressing,  high  pressure  hot-pressing,  sintering,  annealing). 

The  essence  of  Bergmann  and  Barrington1 s  (1966)  experiments  is  summarized 
below,  and  the  broader  aspects  of  a  two-stage  process  sequence-shock 
conditioning,  followed  by  conventional  densif ication,  are  then  discussed  in 
greater  detail  in  subsequent  sections. 

Powders  of  several  ceramic  materials  were  subjected  to  explosive  shock 
waves  and  their  attendant  changes  in  physical  properties  were  studied.  Strong 
X-ray  line  broadening  was  observed  and  correlated  with  lattice  strain  and 
crystallite  size  reduction.  Very  fine  particle  size  SiC  and  B4C  could  be 
produced  without  introducing  impurities. 

These  shock-conditioned  ceramic  powders  were  found  to  be  unusually 
responsive  to  sintering  operations.  When  such  powders  were  cold  pressed  by 
conventional  means  into  compacts  and  then  fired,  the  resulting  sintered 
material  was  considerably  denser  and  stronger  than  controls  made  from 
unshocked  material  (Figure  25).  The  substantially  higher  sintering  activity 
of  shocked  ceramic  powders  is  believed  to  be  related  to  the  introduction  of 
larger  numbers  of  defects  (strain)  into  the  crystal  lattice  by  the  shock 
treatment.  Use  of  such  shock-conditioned  ceramic  powders  in  conventional  or 
unconventional  ceramic  fabrication  processes  may  provide  a  unique  way  to 
produce  materials  with  improved  microstructure  and  properties.  In  fact,  the 
experimental  evidence  suggests  that  shock  treatment  of  ceramic  powders 
corresponds  to  cold-working  in  metals.  If  it  is  assumed  that  such  cold-worked 
ceramics  behave  similarily  to  cold-worked  metals  on  subsequent  heat  treatment, 
it  can  be  hypothesized  that  such  materials  should  display  the  phenomenon  of 
primary  recrystallization  when  heated  to  some  minimum  temperature  (Klein  and 
Rudman  1966).  This  is  not  normally  observed  in  ceramics  and  it  would  permit 
an  additional  degree  of  freedom  in  controlling  the  microstructure  of  such 
ceramics. 

Clearly,  the  experimental  and  conceptual  foundations  for  this 
fundamentally  interesting  and  potentially  technologically  important  materials 
densif ication  procedure  had  been  laid,  primarily  in  the  United  States,  before 
1968.  Much  of  that  early  momentum  in  the  United  States  waned,  but  the  subject 
was  taken  up  by  researchers  elsewhere.  For  example,  Soviet  literature 
(Davison  and  Graham  1979,  Graham  and  Dodson  1980)  shows  some  small  activity 
in  1967-1969,  and  a  number  of  papers  dealing  with  explosive  shock  effects  in 
refractory  compounds  and  hard  materials  in  1971-1973;  other  related  efforts  on 
such  subjects  as  optically  transparent  materials  and  piezoelectric  ceramics 
continue  to  the  present.  Similarly,  Japanese  studies  of  shock  conditioning  of 
hard  materials,  particularly  zincblende-structured  boron  nitride  (BN),  were 
conducted  in  1972-1974. 
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FIGURE  25  Effects  of  shock  conditioning  of  various  ceramic  powders  upon  subsequent 
densif ication  (Bergmann  and  Barrington  1966) 
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Successful  coupling  of  explosive  shock  conditioning  of  such  powders  with 
subsequent  very  high  pressure  hot  pressing  techniques  has  been  studied  at 
several  different  Japanese  centers,  including  the  Tokyo  Institute  of 
Technology  under  Saito  (1978)  and  Sawaoka  et  al.  (1974,  1977  and  1978). 
Japanese  work  has  continued  with  a  number  of  other  materials,  including 
aluminum  nitride,  boron  carbide,  silicon  carbide,  silicon  nitride,  or 
combinations  of  them.  For  example,  one  recent  Japanese  paper  describes 
substantial  strains  introduced  by  dynamic  impact  of  powder  prior  to 

sintering  (Kawada  and  Onodera  1980) .  The  impacted  powders  were  hot  pressed  at 
5  GPa  and  1200°C,  and  the  resulting  compacts  had  densities  greater  than  99 
percent  of  theoretical.  It  is  interesting  to  note  that  the  impacting  was  done 
simply  by  dropping  a  3  tonne  weight  from  a  height  of  250  mm  onto  an 
encapsulated  precompressed  particulate  compact  (40  mm  in  diameter  by  20  mm 
thick);  the  dynamic  pressure  lasted  less  than  50  sec.  As  evidenced  by  X-ray 
the  amount  of  strain  stored  in  the  impacted  powders  was  clearly  responsible 
for  the  densif ication;  if  the  residual  in  strain  was  less  than  about  5 
percent,  the  non-oxides  were  not  effectively  densif ied. 

MODELING  OF  DENSIFICATION  OF  SHOCKED  CONDITIONED  (OR  OTHERWISE  ACTIVATED) 

POWDERS 


Evidence  relating  to  the  activation  of  ceramic  powders  by  various 
defect-introducing  means  is  given  by  the  experimental  findings  of  Lewis  and 
Lindly  (1964,  1965,  1966)  with  ball  milling;  Pearson  (1968)  with  dry  milling; 
Bergmann  and  Barrington  (1966,  1968)  with  explosive  shocking;  and  Morgan  et 
al.  (1967,  1968)  with  mechanical  strain.  Based  on  this  evidence,  and  adapting 
it  in  earlier  kinetic  models  for  hot  pressing  and  sintering  (Palmour  and 
Johnson  1967,  Palmour  et  al.  1966),  it  was  pointed  out  by  Palmour  and 
co-workers  (1969)  that: 

".. .densif ication  processes  are  responsive  to  at  least  five  independent 
experimental  variables,  temperature,  remnant  porosity,  remnant  surface 
area,  applied  stress  and  the  concentration  of  nonthermodynamic  defects, 
which  represent  annealable  excess  internal  energy.  An  empirical  model 
for  densif ication  kinetics  incorporating  these  variables  has  been 
proposed  which  provides  for  nonlinear  dependences  of  densif ication  rate 
upon  porosity  and  stress... " 

Figure  26  schematically  summarizes  the  principal  factors  which  must  be 
considered  as  variables  in  any  densif ication  process.  The  basic  driving  force 
for  densif ication  derives  from  the  total  remnant  surface  energy.  An  apparent 
thermal  activation  energy,  Q,  must  be  overcome  in  going  from  the  less  dense  to 
the  more  dense  state,  so  temperature  is  obviously  important.  As  the  caption 
implies,  the  kinetic  relationships  will  also  be  determined  in  part  by  the 
remnant  porosity  and  by  externally  applied  stresses,  if  any.  An  important 
additional  factor  had  been  introduced,  and  was  identified  as  the  annealable 
excess  energy,  q,  which  provides  for  the  possibility  of  kinetic  contributions 
resulting  from  or  associated  with  nonthermodynamic  defects  introduced  in  the 
material  by  prestrain,  irradiation  damage,  or  other  energetic  treatments 
occurring  prior  to  (or  even  during)  the  process  of  densif ication. 
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FIGURE  26  Schematic  representation  of  energy  relationships  influencing 
densif ication  kinetics  at  any  given  porosity  and  stress  (Palmour,  Bradley,  and 
Johnson  1969) 

When  the  evidence  about  the  role  of  annealable  excess  internal  energy  in 
densif ication  was  taken  into  account,  the  kinetic  relationship  was  considered 
by  Palmour  et  al.  (1969)  to  take  the  form: 

dD/D  dt  =  A(l-D)m(as  +ae) n  exp  [-(Q-q)/RT)]  (9) 

0  <  (dD/Ddt)  <  (dD/D  dtmax) 

where  dD/D  dt  is  the  rate  of  densif ication* :  dD/D  dtmax  the  maximum 
safe  rate  of  densif ication;  D  the  fractional  density  =  1  -  P  =  p/Pth’ 

P  the  fractional  porosity  =  1  -  D;  p  the  density  in  g/cm^;  pt^  the 
theoretical  density;  Q  the  apparent  activation  energy  for  mass  transport; 
and  q  the  apparent  excess  internal  energy  associated  with  annealable 
defects. 

As  denoted  by  the  condition  that  the  densif ication  rate  be  kept  below  a 
maximum  safe  rate,  dD/Ddtmax,  it  clearly  was  intended  that  the  densif ication 
process  be  subjected  to  rate  control  (Kriegel  et  al.  1964,  Palmour  and  Johnson 
1967,  Palmour  and  Huckabee  1978,  Palmour  et  al.  1966  and  1979). 


*dD/D  dt  =  Sy  =fdv/v  dt;  in  a  hot  pressing  die  with  constant  cross-sectional 
area  dD/D  dt  -  £  -  dl/dt. 
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Future  Prospects — Shock  Conditioning  and  Subsequent  Densif ication 

In  considering  the  present  status  and  future  potential  of  two-stage 
processing  of  shock-conditioned  powders,  it  is  convenient  to  treat  the  two 
stages  separately,  at  least  from  the  experimentalist's  viewpoint.  The  two 
steps  will,  for  example,  be  rather  likely  to  be  carried  out  in  separate, 
often  distant  facilities  and  by  persons  drawn  from  quite  different 
professional  backgrounds  such  as  shock  wave  physics  and/or  mechanical 
engineering  and  ceramic  and/or  powder  metallurgy  processing,  sintering,  etc. 

PRECONDITIONING  OF  POWDERS  BY  SHOCK-WAVES 


The  basic  parameters  for  accomplishing  this  phase  of  the  two-stage 
process  were  well  established  by  Bergmann  and  Barrington  (1966)  and  their 
applicability  to  a  number  of  oxide  and  non-oxide  systems  of  technological 
interest  were  demonstrated  (Barrington  and  Bergmann  1968) .  The  primary 
goals  of  the  shock-induced  preconditioning  step  are  considered  to  be  uniform 
introduction  of  substantial  microstrain  (up  to  ^5  percent),  with  or  without 
comminution,  in  particulate  masses  of  economic  size.  Ideally,  the  shocked 
powder  mass  should  be  either  free  of  cracks  and  flaws  and  very  uniformly 
compacted  to  some  intermediate  level  of  density  from  which  state  it  can  be 
further  densif ied  directly  by  sintering  or  hot  pressing,  or  sufficiently 
friable  to  permit  comminution  and  recompaction  to  assure  the  attainment  of 
some  uniform,  substantially  flaw-free,  high  level  of  green  density  by 
conventional  process  means  prior  to  final  densif ication.  For  most 
materials,  the  latter  course  seems  more  likely  to  be  successful  as  a 
reliable  process  method. 

The  uniformity  criterion  at  the  powder  conditioning  stage  is  an 
important  one  for  the  success  of  densif ication  in  the  second  stage  and,  for 
most  materials,  is  considered  almost  to  preclude  the  effective  use  of 
cylindrical  geometries  for  explosive  shock  preconditioning  treatments* 
Several  authors  have  noted  the  marked  radial  gradients  (in  terms  of  energy 
density,  temperature,  internal  strains,  grain  size,  etc.)  that  result  from 
explosive  compaction  in  such  cylindrical  configurations;  Greenham  and 
Richard’s  (1970)  carefully  documented  study  is  one  excellent  example  (see 
also  Figure  24).  Therefore,  emphasis  in  future  research  and  development  in 
this  area  probably  should  be  placed  on  the  attainment  of  economic, 
controlled  means  for  uniform,  substantially  plane-wave  shock  treatments  of 
powder  masses.  Methodologies  for  both  explosive  and  gas  gun  generation  for 
plane-wave  shock  geometries  are  well  known. 

These  powder  preconditioning  goals  differ  in  several  significant 
respects  from  those  that  would  apply  in  the  case  of  direct  compaction  of 
powders  to  final  density  and/or  near  net  shape.  For  example,  it  is  clearly 
desirable  to  strain  all  individual  particles  uniformly  but  it  is  perhaps  not 
necessary,  or  even  undesirable,  to  bond  them  together.  Much  of  the 
available  literature  really  treats  only  direct  compaction  rather  than 
preconditioning  per  se.  Rather  different  criteria  for  particle  sizing, 
precompaction,  encapsulation  and  shock-wave  parameters  (velocities, 
pressures,  dwell  times,  etc),  are  likely  to  be  required  if  preconditioning 
of  such  powders  is  to  be  fully  optimized  and  brought  under  close  control. 
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Densif ication  of  Shock-Conditioned  Powders 


The  basic  goals  (densif ication,  bonding)  of  this  final  step  of  the 
two-phase  process  are  not  significantly  different  from  those  of  conventional 
densif ication  processes  such  as  sintering,  hot  pressing,  and  hot  isostatic 
pressing.  To  these  may  be  added  other  auxilliary  requirements  such  as  grain 
growth  control  and/or  preservation  of  metastable  phases.  The  basic 
thermally  activated  transport  mechanisms  (principally  surface,  grain 
boundary  and  volume  diffusion)  already  are  well  known,  and  their  respective 
roles  in  the  various  stages  of  the  overall  densif ication  process  are  the 
continuing  subject  of  vigorous  scientific  inquiry  and  debate  (Exner  et  al. 
1973;  Exner  and  Petzow  1973;  Johnson  1978,  1980;  Coble  and  Cannon  1978). 

Though  there  is  abundant  evidence  that  shock-induced  prestrain  and  the  high 
concentrations  of  resulting  crystalline  defects  have  a  pronounced  beneficial 
effect  on  the  sinterability  of  shock-conditioned  powders  and  some  attempts 
have  been  made  to  account — at  least  empirically — for  the  obvious  effect  of 
prestrain  on  the  densif ication  kinetics  in  such  systems,  there  is,  at  least 
for  ceramics,  no  sound  fundamental  treatment  at  the  mechanistic  level  to 
account  theoretically  for  the  resulting  enhancement  of  densif ication. 

Unfortunately,  most  of  the  effective  demonstrations  of  enhanced 
sinterability  of  shock-conditioned  particulates  have  been  experimentally 
confounded  in  one  or  more  senses.  Thus,  clear  attribution  of  the  overall 
enhancement  in  sinterability  to  certain  specific  phases  of  the  complex 
densif ication  process  will  be  needed  in  the  first  step  to  identify  the 
various  effects  of  dynamic  shock  conditioning  in  step  one  on  (1)  particle 
comminution  and  (2)  internal  strain  per  se,  and  in  the  second  step  on  (1) 
green  compaction  (and  its  uniformity),  (2)  particle  coordination 
distributions  in  the  green  compact,  and  (3)  thermal  responses,  including  the 
onset  of  densif ication,  the  onset  of  pore  entrapment,  grain  growth,  etc.  To 
date,  most  thermal  processing  of  such  shocked  materials  has  tended  to  be  of 
the  "brute  force"  kind  involving  fast  rates,  high  temperatures,  high 
pressures,  etc.  Such  "power"  methods  work  after  a  fashion  but  often  mask 
important  intermediate  stage  events  and  seldom  yield  optimal  densities 
and/or  microstructures. 

It  can  be  argued  that  the  more  intense  the  shock-conditioned  prestrain, 
the  higher  the  total  excess  energy  per  unit  volume  in  the  green  compact  at 
any  given  level  of  green  density  and,  hence,  the  greater  the  risk  of 
dissipating  that  energy  needlessly  in  other  thermally  activated  processes, 
which  might  not  result  in  actual  densif ication.  Of  all  known  firing 
procedures,  only  the  rate-controlled  process  methodology  developed  at  North 
Carolina  State  University  (Kriegel  et  al.  1964,  Barnes  1967,  Palmour  1972, 
Palmour  and  Johnson  1967,  Palmour  and  Huckabee  1975  and  1978,  Palmour  et  al. 
1966,  1969,  1977  and  1979,  Hare  and  Palmour  1978)  provides  inherently  for 
feedback-controlled  release  of  that  energy  in  ways  and  at  rates  that  can 
best  transform  it  into  maximum  utilization  toward  actual  densif ication. 
Although  rate-controlled  densif ication,  known  to  be  very  effective  in 
achieving  near-optimal  densif ication  of  conventionally  processed  ceramic 
materials  and  in  yielding  controlled  uniform  fine  microstructure  (Figures  27 
and  28),  was  first  proposed  for  hot  pressing  or  sintering  of  shock-conditioned 
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materials  almost  15  years  ago  (Palmour  et  al.  1969),  no  systematic  experimental 
application  of  the  rate  control  sintering  technology  to  shock-conditioned 
powders  has  yet  been  found  in  the  literature. 


(a)  (b) 

FIGURE  27  Schematic  comparisons  between  conventional  temperature  sintering 
(CTS)  and  three-stage  rate  controlled  sintering  (RGS)  profiles:  (a) 
Density-time,  (b)  temperature-time  plots  (Palmour,  Huckabee,  and  Hare  1977) 


FIGURE  28  Microstructures  in  sintered  alumina  as  functions  of  densif ication 
path  (CTS,  RCS),  achieving  same  density  (D  =  0.99)  over  same  total 
densif ication  time  (t  =  3  +  0.1  hr):  (a)  CTS,  1530°C,  2  hr  soak;  (b)  RCS, 
peak  temperature  %1560°C,  no  soak.  Note:  typical  grain  size  ranges: 

CTS  1.8-5. 2  ]i  m;  RCS  1.2-2. 8  y  m  (Palmour,  Huckabee,  and  Hare  1977) 
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Chapter  6 


CHARACTERIZATION  OF  DYNAMICALLY  COMPACTED  METAL  AND  CERAMIC  POWDERS 


Dynamic  compaction  mitigates  the  usual  microstructural  changes  associated 
with  conventional  powder  processing  but  it  can  and  frequently  does  bring  about 
large  microstructural  changes.  Foremost  is  the  gross  fracturing  on  both  the 
macroscale  and  microscale.  The  gun  work  of  Morris  (1979)  and  Raybould  (1975 
and  1980)  and  the  explosive  studies  of  Priimmer  and  coworkers  (Balzerowiak  et 
al.  1971)  have  demonstrated  that  the  gross  fracture  can  be  mitigated.  The 
detailed  microscopic  features  characteristic  of  materials  compacted  by  dynamic 
means  have  not  been  characterized  fully  but  transmission  electron  microscope 
(TEM)  studies  of  dynamically  compacted  metals  and  alloys  have  been  published. 
At  Lawrence  Livermore  National  Laboratory  cylindrically  compacted  structures 
of  aluminum  nitride  (AIN)  and  alumina  (AI2O3)  formed  at  30  to  40  Kb  have 
been  examined  using  TEM  techniques.  (Hoenig  and  Yust  1981).  The  compacted 
samples  were  ion  milled  to  the  proper  thickness.  The  edges  of  the  samples 
were  strained  to  the  point  that  individual  dislocations  could  not  be 
distinguished.  In  the  case  of  AIN,  microcracking  was  minimized  although  the 
sample  was  fractured  on  a  macroscale  along  the  center  axis. 

Figures  29  illustrates  the  TEM  structures  of  hot  pressed  AIN  and  Figure 
30  points  out  the  high  dislocation  densities  near  the  edge  of  an  explosively 
compacted  AIN  sample.  Figure  31  shows  the  core  region  of  the  same  explosively 
compacted  AIN  and  one  notes  the  recrystallized  structure  with  fewer 
dislocations.  The  main  point  is  that  cylindrically  compacted  samples 
frequently  have  a  structure  that  changes  continously  with  position  as  one 
proceeds  from  the  outside  to  the  center. 

It  is  evident  that  at  least  four  types  of  characterization  are  needed  to 
understand  the  details  of  dynamic  compaction  of  metal  and  ceramic  powders: 

1.  Characterization  of  the  starting  powder  (including  chemical,  particle 
and  crystallite  dimension,  X-ray  lattice  measurements,  surface  area, 
density  of  particles,  shape  distribution  and  distributions,  etc.). 

2.  Characterization  of  the  initial  pressed  powder  contained  in  the  die 
fixture  (including  green  density,  porosity,  and  texture  details). 

3.  Characterization  of  the  experiment  in  terms  of  the  pressure-time- 
temperature  relationship  (in  real  time)  of  the  projectile  or 
explosive  on  the  pressed  powders. 

4.  Characterization  of  the  resulting  compact  both  axially  and  radially 
(including  density  versus  position  and  the  grain  size  data  and  shape 
observations  based  on  detailed  metallographic  as  well  as  X-ray  TEM 
studies) . 
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An  example  of  work  that  characterized  the  experiment  but  did  not  handle 
the  powder  is  given  in  the  work  of  Boade  (1968  and  1970).  Various  Soviet 
researchers  (Deribas  1977  and  Gubareva  1977)  did  not  relate  the  experiment 
measurements  to  the  details  of  the  final  compaction  microstructure. 

Dynamic  compaction  may  avoid  some  undesirable  effects  of  conventional 
powder  processing;  however,  it  clearly  produces  unique  modifications  in  the 
material.  A  study  is  needed  to  characterize,  in  detail,  the  state  of  selected 
materials  before  and  after  shock  compaction.  Detailed  studies  on  the  effect 
of  these  structures  on  further  thermomechanical  processing  them  should  be 
carried  out. 
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Chapter  7 


DYNAMIC  COMPACTION  MODELING  AND  CODES 


Modeling  will  be  an  extremely  important  tool  to  the  understanding  and 
utilization  of  the  dynamic  compaction  process. 

There  are  a  variety  of  codes  available  to  calculate  various  one-,  two- 
and  three-dimensional  problems.  The  most  popular  code  is  called  HEMP  and  it 
was  developed  by  Wilkins  (1969);  versions  of  it  are  published  by  other 
laboratories  using  different  acronyms.  The  HEMP  program  solves  the  equations 
of  continuum  mechanics  formulated  in  Lagrange  coordinates.  The 
finite-difference  operators  are  centered  in  space  and  time  to  give 
second-order  accuracy.  Incremental  plasticity  theory  is  followed  to  describe 
large  plastic  deformation  with  rotation.  The  von  Mises  hypothesis  is  applied 
in  a  manner  to  satisfy  implicitly  the  flow  law  that  requires  the 
plastic-strain-rate  vectors  to  be  normal  to  the  yield  surface. 

Other  versions  of  Lagrange  codes  include  EPIC-3  developed  by  Johnson  at 
Minneapolis  Honeywell.  EPIC-3  is  a  finite  element  code.  Work  by  Holmquist  at 
Lawrence  Livermore  National  Laboratory  on  Lagrange  finite  element  programs  has 
proven  very  successful  and  2-D  and  3-D  versions  exist  with  names  of  Dyna  2-D 
and  Dyner  3-D.  It  is  claimed  that  these  programs  are  more  efficient  and 
effective  than  the  finite  difference  codes.  The  Lagrange  codes  are  considered 
more  accurate  and  cheaper  if  the  problem  does  not  involve  too  large  a 
displacement.  If  massive  deformations  are  involved,  a  code  with  Eulerian 
coordinates  is  needed,  and  the  code  developed  by  Matsuka  and  Durret  called 
HULL  is  in  frequent  use. 

The  important  point  is  that  there  are  a  large  number  of  codes  that 
require  various  input  parameters  such  as  material  strength,  thermal  softening, 
and  fracture  in  various  modes.  The  main  problem  is  that  there  is  no 
satisfactory  material  description  for  the  dynamic  compaction  process.  For 
example,  one  cannot  take  slow  strain  rate  data  such  as  might  be  obtained  from 
a  triaxial  test  and  reproduce  what  happens  in  a  dynamic  compaction.  The 
material  responds  in  a  different  way  depending  on  its  powder  properties  (i.e., 
size,  shape,  impurities,  etc.)  and  the  mechanism  by  which  it  densifies  (Herman 
1969,  Hoenig  et  al.  1977,  Holt  et  al.  1973).  AI2O3  in  its  dynamic 
compaction  tends  to  approach  the  hydrostat  very  quickly,  which  probably  is 

caused  by  fracture  or  a  liquid-surface-like  bonding  due  to  frictional 
effects.  Metal  samples,  on  the  other  hand,  exhibit  significant  plastic 
response  and  do  not  need  the  ’’melting  phenomena”  to  consolidate.  The  effect 
of  the  breakup  of  surface  films  also  is  not  tractable  by  current  codes;  in 


77 


78 


particular,  the  effect  of  this  breakup  on  resultant  properties  and  density  is 
not  satisfactorily  handled.  The  technology  of  dynamic  compaction  clearly 
needs  appropriate  materials  models  in  order  to  calculate  and  extrapolate  as 
the  computer  codes  currently  exist. 
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Chapter  8 


PRACTICAL  AND  POTENTIAL  APPLICATIONS 


Applications  of  the  dynamic  compaction  process  have  been  minimal 
primarily  because  (1)  it  has  not  been  economically  competitive  with  powder 
fabrication  techniques,  (2)  full  understanding  of  the  process  has  been  lacking, 
and  (3)  no  sustained,  coordinated  effort  has  been  put  forth  to  bring  the 
process  to  a  state  where  it  can  be  employed  for  practical  applications. 
Discussed  below  are  areas  in  which  some  limited  application  of  the  process  has 
been  found  or  in  which  some  realistic  potential  exists  for  future  applications. 

SYNTHESIS  AND  TRANSFORMATION  OF  MATERIALS 


Although  a  hybrid  aspect  of  dynamic  compaction  is  not  discussed  in  detail 
in  this  report,  the  synthesis  and  transformation  of  materials  under  shock 
conditions  represent  an  extremely  important  area.  Practical  and  commercial 
applications  for  the  whole  area  treating  the  synthesis  of  diamond  and  dense 
boron  nitride  have  been  found,  and  an  excellent  summary  review  of  this  area 
has  been  made  by  Davison  and  Graham  (1979).  A  detailed  and  complete  study  of 
the  state  of  the  art  and  potential  of  synthesis  and  transformation  by  shock 
compression  is  recommended  by  the  committee. 

POWDER  CONDITIONING 


The  committee  believes  that  the  two-step  hybrid  process  in  which  powders 
are  preconditioned  by  shock  treatment  and  subsequently  densified  by  more 
conventional  processes  has  excellent  potential  for  the  fabrication  of  ceramic 
structures  that  cannot  be  fabricated  using  either  conventional  processing  or 
direct  dynamic  compaction.  The  potential  to  enhance  sintering  and  control 
grain  size  is  excellent;  however,  considerable  research  and  development  effort 
will  be  required  to  bring  this  area  to  fruition. 

POWDER  FORMING 


Powder  forming  or  compaction  to  a  finished  powder  product  has  invoked  the 
most  interest  in  the  process  through  the  years;  however,  it  has  had  very 
little  practical  application.  Raybould  (1980)  cites  the  fabrication  of  wear 
resistant  aluminum-steel  components  as  well  as  drilling  bits  with  inserts  by 
gun  compaction.  At  present,  there  are  no  known  practical  applications  of 
direct  explosive  compaction  in  the  United  States.  There  are  a  number  of 
potential  applications  for  which  dynamic  compaction  would  be  particularly  well 
suited  (Table  4).  These  applications  will  not  be  realized  until  a  sustained 


79 


and  coordinated  effort  is  made  to  deal  with  the  undesirable  side  effects  (e.g, 
cracking,  density  and  property  gradients),  as  well  as  to  gain  a  better  basic 
understanding  of  the  process. 


TABLE  4  Potential  Applications  of  Dynamic  Compaction 


Area  of  Application 

Materials  of  Interest 

Gas  turbine  disks 

Made  from  RST  powder  or  from  melt-spun 
ribbon 

Gas  turbine  blades 

Made  from  RST  powder  or  mechanically 
alloyed  powder 

Ceramic  coatings  on  metal  parts  Comparable  to  Zr02  coatings  now 


applied  by  plasma  spraying  to  superalloys 

Composites 

Incorporation  of  fibers  into  powder 
blends  without  diffusion 

Bearings 

Binderless  Si3N4 

Magnetic  transformer  materials 

Fe  alloys  produced  as  ribbon  (amorphous)  ^ 

High  alloy  tool  steels 

For  use  as  dies,  or  with  higher  or 
different  carbide  contents  that  can  be 
included  in  this  low  temp  process 

Shell  casings 

AI/AI2O3  for  rifle  and  gun  use 

Rock  drilling  bits 

Bonding  and  fabricating  oil  well 
drilling  heads 

Machining  bits 

BN,  diamond 

High  temperature  materials 

AIN;  materials  for  coal  burning 
apparatus;  covalent  materials  for  gas 
turbines 

Abrasives 

Diamond,  already  commercial 
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RAPIDLY  SOLIDIFIED  MATERIALS 


In  recent  years  unique  types  of  alloys  and  materials  have  emerged  based 
on  rapid  solidification  and  cooling  technology.  The  amorphous,  microcrystalline, 
or  metastable  structures  in  these  materials  yield  very  unique  mechanical  and/or 
physical  properties.  These  materials,  however,  cannot  usually  be  subjected  to 
the  elevated  temperatures  necessary  to  fabricate  them  into  useful  structures 
without  the  loss  of  their  unique  properties.  Dynamic  compaction  offers  the 
potential  solution  to  this  problem  in  that  it  can  be  accomplished  at  temperatures 
well  below  those  at  which  the  rapidly  solidified  materials  may  lose  their  unique 
structures  and  properties.  Work  has  already  been  conducted  by  Morris  (1977)  and 
Cline  (1977a  and  1977b)  with  rapidly  solidified  materials  indicating  the 
potential  importance  of  dynamic  compaction  in  this  area. 
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Chapter  9 


PROBLEM  AREAS 


SAFETY 


Since  the  dynamic  compaction  process  is  associated  with  high  energy 
sources,  high  velocity  rates  of  compaction,  and  extremely  high  pressures, 
there  is  proper  concern  about  its  safety.  Although  safety  must  be  a  prime 
consideration  in  utilizing  the  process,  these  considerations  are  neither 
unreasonably  demanding  nor  limiting  to  the  extent  that  the  use  of  dynamic 
compaction  procedures  would  be  prevented  or  become  economically  unattractive. 

Projectile  launching  guns  and  high  speed  forming  machines  generally  can 
be  integrated  rather  closely  with  other  manufacturing  facilities  and 
operations  by  use  of  basically  standard  machine  safety  procedures. 

On  the  other  hand,  compaction  operations  involving  explosives  require 
considerably  greater  safety  precautions.  These  principally  involve  the  need 
to  isolate  (often  remotely)  the  compaction  operation  from  all  other 
manufacturing  facilities  and  operations.  The  procurement,  transportation, 
storage,  and  handling  of  the  explosives  themselves  must  be  done  only  by  well 
trained  and  qualified  personnel  to  ensure  the  safety  of  the  operation.  These 
functions  are  controlled  by  existing  federal,  state,  and  local  laws  and 
regulations. 

The  site  for  an  explosive  compaction  operation  must  be  selected  and  set 
up  so  that  the  blast  and  debris  from  the  detonating  explosive  will  be  contained 
or  not  cause  any  harm  to  personnel  or  property.  This  will  most  often  mean  that 
the  site  must  be  remote.  Some  blast  containment  chambers  and  buildings  that 
allow  explosive  fabrication  operations  such  as  compaction  to  be  accomplished 
close  to  or  actually  in  other  manufacturing  facilities  have  been  constructed 
and  are  being  used  (Fling  and  Linse  1972).  These  containment  structures, 
however,  usually  are  limited  to  explosive  quantities  of  approximately  100 
pounds  or  less. 

Elevated  temperature  or  hot  dynamic  compaction  with  explosives  is  an 
operation  in  which  safety  cannot  be  overstressed  because  of  the  requirement  to 
place  the  heated  container  and  material  to  be  densified  in  extremely  close 
proximity  with  the  explosive.  This  is  accomplished  through  rapid  remote 
transfer  of  the  heated  material  into  the  explosive  system  and  immediate 
detonation  of  the  explosive.  It  is  a  process  that  should  be  carried  out  only 
by  those  who  are  extremely  knowledgeable  about  both  explosives  and  dynamic 
compaction. 
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ENVIRONMENTAL  CONCERNS 


The  most  significant  environmental  concern  with  respect  to  dynamic 
compaction  is  noise.  The  noise  level  associated  with  the  process  generally 
increases  with  increasing  velocity  and/or  energy  of  the  operation.  In  order 
to  reduce  the  noise  level  to  acceptable  levels,  it  often  will  be  necessary  to 
locate  the  operation  in  sound-reducing  enclosures  or  barriers.  In  the  case  of 
explosives,  particularly  when  large  quantities  are  required,  remote  sites  will 
be  required  as  discussed  above. 

A  second  but  normally  less  important  environmental  concern  is  the  gaseous 
detonation  products  of  explosives.  Although  these  products  contain  oxides  of 
carbon  and  nitrogen,  the  total  quantities  generated  have  a  negligible 
environmental  impact. 

ECONOMIC  CONSIDERATIONS 


The  economic  aspects  of  dynamic  compaction  probably  have  been  one  of  the 
major  deterrents  to  its  commercial  acceptance  in  the  United  States.  In 
general,  dynamic  compaction  is  considerably  more  expensive  than  the  standard 
powder  consolidation  techniques  when  utilized  to  fabricate  most  powder 
materials  and  structures.  One  of  the  major  reasons  for  this  lack  of  economic 
competitiveness  is  associated  with  the  low  production  rates  that  thus  far  have 
been  achieved  with  dynamic  compaction. 

The  ultimate  acceptance  of  dynamic  compaction  will  be  in  those  applications^ 
in  which  economic  considerations  are  secondary.  This  will  result  when: 

1.  Large  compacts  are  required  that  are  beyond  the  size  of  more  standard 
consolidation  capabilities. 

2.  Unique  characteristics  or  properties  in  the  material  resulting  from 
the  dynamic  compaction  process  are  desired  (i.e.,  fine  grain 
structure,  activation  for  sintering,  etc.). 

3.  Unique  characteristics  or  properties  in  the  starting  powder  must  be 
retained  through  the  compaction  operation  (i.e.,  amorphous  structure, 
fine  grain  structures,  etc.).  This  is  particularly  relevant  when 
elevated  temperatures  cannot  be  tolerated. 

4.  Pressures  higher  than  those  achievable  by  standard  consolidation 
techniques  are  required  to  compact  and  density  high  strength  powdered 
materials . 

GEOMETRIES,  SHAPES,  SIZES,  AND  SCALING 


Dynamic  compaction  in  general  has  been  limited  to  the  production  of 
components  having  relatively  simple  geometries  and  shapes.  These  shapes 
normally  include  plates  (Figure  32)  and  rods  and  cylinders  (Figure  33)  although 
some  slightly  more  complex  components  such  as  the  nozzle  and  hemisphere  shown 
in  Figure  33  can  be  compacted  when  an  internal  mandrel  having  the  desired 
geometry  can  be  employed  and  subsequently  removed  after  compaction.  Explosive 
compaction  is  particularly  suited  for  the  production  of  long  cyclinders  or 
tubes  having  large  length-to-diameter  (L/D)  ratios.  Machine  or  gas  gun 
compaction,  typically  results  in  the  low  L/D  ratios  that  are  associated  with 
more  conventional  powder  pressing  and  sintering  techniques. 
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FIGURE  33  Geometric  shapes  compacted  with  explosives:  tungsten  nozzle 
(left);  Ti-6A1-4V  cylinder  (top);  304  stainless  steel  hemisphere  (right); 
and  Beryllium  Rod  (bottom)  (Linse  1981) 
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In  general,  dynamically  compacted  components,  particularly  those  made  by 
explosive  compaction,  have  not  been  made  to  near  net-shape.  Gas  gun  and/or 
machine  compaction  offers  the  potential  for  fabricating  components  to  final 
net  shape  (Raybould  1980).  As  with  many  other  aspects  of  the  dynamic 
compaction  process,  the  real  capability  to  fabricate  near-net-shape  components 
has  not  been  investigated  to  any  great  extent. 

With  respect  to  size,  most  components  fabricated  to  date  are  relatively 
small.  For  example,  most  cylindrical  samples  compacted  by  explosives  are  on 
the  order  of  1  inch  in  diameter  by  5  to  6  inches  long.  Titanium  and  steel 
alloy  cylinders  up  to  4  inches  diameter  and  10  inches  long  have  been 
explosively  compacted  in  the  United'  States  (unpublished  data  on  dyanmic 
compaction  from  V.  D.  Linse,  Battelle  Columbus  Laboratories).  Compacts  in  the 
meter  range  have  been  reported  but  the  committee  has  not  been  able  to  verify 
or  substantiate  these  reports.  The  largest  fully-reported  plate  or  slab 
compacted  by  explosives  is  that  shown  in  Figure  32. 

At  present  compacts  made  by  the  gas  gun  are  2  to  3  inches  in  diameter  and 
are  limited  by  the  size  of  the  guns  being  used  (personal  communications  from 
C.  F.  Cline,  1981  and  D.  Raybould,  1981).  Guns  are  available  that  could 
produce  compacts  up  to  6  inches  in  diameter.  As  was  noted  earlier  in  this 
report,  however,  these  larger  guns  are  predominantly  used  for  elaborately 
instrumented  experimental  work  and  are  not  necessarily  suited  for  production 
type  powder  compaction. 

Almost  no  information  has  been  reported  concerning  attempts  to  scale  up 
the  dynamic  compaction  process  to  produce  larger  compacts  or  to  determine  size 
limitations.  Before  scaling  can  be  seriously  addressed,  the  problems  more 
basic  to  the  process  such  as  cracking,  density,  property  variations,  etc., 
must  be  more  thoroughly  understood  and  solved.  As  the  process  is  scaled  up  to 
produce  larger  sizes,  these  problems  are  expected  to  become  more  severe.  In 
addition,  the  scale  ultimately  achieveable  will  be  limited  to  the  maximum 
energy  source  that  can  be  practically  employed.  In  this  case,  explosive 
compaction  can  be  expected  to  produce  much  larger  products  than  gas  guns  and 
machines.  The  cost  of  a  gas  gun  much  larger  than  those  presently  in  existence 
would  be  prohibitive. 

CRACKING 


Crack  formation  during  the  dynamic  compaction  process  is  the  most  serious 
unresolved  technical  problem  associated  with  the  process.  This  problem  has 
been  observed  in  almost  all  dynamically  compacted  materials  with  the  exception 
of  the  very  low  strength,  ductile  metals  such  as  pure  aluminum  and  copper. 

The  tendency  for  crack  formation  and  intensity  of  cracking  increases  as  the 
compact  approaches  theoretical  density. 

Linse  (1981)  has  identified  three  basic  types  of  cracking  that  are 
encountered  in  dynamic  compaction.  These  are  illustrated  in  Figure  34  and  are 
described  below. 
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(a)  RADIAL 


(b)  TRANSVERSE 


(c)  SPIRAL 


FIGURE  34  Types  of  cracking  encountered  in  dynamic  compaction: 
(b)  transverse,  (c)  spiral 


(a)  radial, 
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In  cylindrical  compacts,  radial  cracks  are  found  radiating  from  the 
center  axis  of  the  compact  (Figure  34a).  They  are  a  result  of  excessive 
compaction  energy  in  the  compressive  shock  wave  converging  on  the  central 
axis.  At  the  central  axis,  the  compressive  wave  reflects  as  a  tensile  wave 
causing  the  crack  formation.  If  the  compressive  wave  intensity  is  sufficient, 
melting  can  occur  along  the  central  axis,  often  accompanied  by  a  hole  along 
the  axis.  The  hole  is  a  further  indication  that  the  interacting  shock  is  of 
such  intensity  that  it  forms  an  extremely  high  pressure  region  along  the 
central  axis  that  is  known  as  "mach  disk"  or  "mach  stem." 

Radial  cracking  most  often  can  be  eliminated  by  reducing  the  energy  and 
pressure  input  into  the  compact  to  a  level  such  that  it  dissipates  just  as  it 
reaches  the  center  axis  of  the  compact.  The  precise  establishment  of  the 
energy  and  pressure  levels  required  to  achieve  a  uniform  and  fully  dense, 
crack  free  cylindrical  compact  is  difficult. 

Transverse  cracking  (Figure  34b)  occurs  in  both  cylindrical  and  flat 
plate  compacts.  It  results  from  tensile  stress  and  longitudinal  movement 
induced  during  compaction.  In  flat  plate  compacts,  it  also  can  result  from 
lateral  movement  of  the  compact.  When  the  tensile  stress  and  movement  occur, 
the  compacted  powder  material  does  not  have  sufficient  strength  or  ductility 
to  accommodate  the  stress  and  movement.  This  type  of  cracking  often  can  be 
eliminated  by  providing  better  edge  and  end  constraints  on  the  powder  during 
compaction. 

Spiral  cracking  (Figure  34c)  is  the  most  unique  and  potentially  the  most 
severe,  particularly  when  scale-up  is  attempted.  It  occurs  in  cylindrical 
compaction  and  tends  to  increase  in  severity  as  the  inherent  brittleness  of 
the  material  being  compacted  increases.  During  cylindrical  compaction, 
densif ication  or  compaction  progresses  from  the  outer  surface  of  the  cylinder 
into  the  central  axis.  The  outer  portion  of  the  compact  which  densif ies  first 
must  continue  to  move  inward  to  accommodate  the  densif ication 
of  the  inner  portion  of  the  compact.  If  the  densif ied  region  does  not  have 
the  ability  to  uniformly  plastically  flow  as  it  moves  inward  at  a  high 
velocity,  it  forms  shear  cracks.  In  order  to  maintain  their  orientation  to 
the  progressing  compaction  front,  they  spiral  inward  to  the  center  and  along 
the  length  of  the  cylinder  at  a  compound  angle.  The  elimination  of  this  type 
of  cracking  has  not  been  resolved  fully  although  hot  or  elevated  temperature 
compaction  has  successfully  eliminated  it  in  a  number  of  high  strength  metal 
alloys  that  are  highly  susceptable  to  spiral-shear  cracking  when  cold 
compacted  (V.  D.  Linse  1981). 
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ENERGY  SOURCE  CONSISTENCY 


Much  of  the  information  from  past  work  on  explosive  compaction  has  been 
inconsistent,  with  little  ability  to  be  correlated  retrospectively.  The 
committee  believes  that  this  is  caused  primarily  by  inconsistency  of  the 
energy  source — the  explosive.  Most  explosives  used  for  dynamic  compaction 
are  classified  as  nonideal  explosives.  The  explosives  are  complex  and  are 
difficult  to  understand  and  control  from  a  performance  viewpoint.  As  a 
result,  very  few  individuals  are  capable  of  utilizing  these  explosives  in  a 
manner  that  yields  the  desired,  consistent,  and  predictable  energy  input 
into  the  powder  compact  with  the  desired,  consistent,  and  predictable 
results.  It  is  imperative  that  those  working  with  explosive  compaction  make 
every  effort  to  more  thoroughly  understand  and  properly  use  the  explosive  so 
as  to  produce  consistent  results. 
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